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ABSTRACT

This report describes a theoretical study of the aerodynamic forces resulting
from winds acting on flat plate photovoltaic arrays. Local pressure distri-
butfons and total aerodynamic forces on the arrays are shown. Design loads
are presented to cover the conditions of array angles relative to the c¢round
from 20° to 60°, variable array spacings, a ground clearance gap up to

1.2 m (4 ft) and array slant heights of 2.4 m (8 ft) and 4.8 m (16 ft).

Several means of alleviating the wind lcads on the arrays are detailed. The
expected reduction of the steady state wind velocity with the se of fences
as a load alleviation device are indicated to be in excess of a factor of
three for scme conditions. This yields steadv stave wind load reductions

as much as a fantor of ten compared to the load incurred if no fence is used
to protect the arrays. This steady state wind load reducticn is offset by
the increase in turbulence due to the fence but still an overall load
reduction of 2.5 can be realized. CQther load alleviation devices suggested
are the installation of air gaps in the arrays, blocking the flow under the
arrays and rounding the edges ¢f the array.

Included is an outline of a wind tunnel test plan to supplement the
theoreticail study and to evaluate the load alleviation devices.
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1.0 SUMMARY

This report describes a theoretical study of the aerodynamic forces resulting
from winds acting on flat plate photovoltaic arrays. Local pressure distribu-
tions and the total aerodynamic forces on the arrays are shown. Recommended
aerodynamic design loads are presented for use in designing the photovoltaic
array local structure as well as the ~verall support structure. Design wind
loads were calculated to cover the conditions of the arra: tilt angles of
from 20° to 60°, a ground clearance gap up to 1.2 m (4 ft), various array
spacings, array slant height of 2.4 m (8 ft) and 4.8 m (16 ft), and with and
without the benefit of protective wind barriers. Two wind environments were
considered; a uniform velocity and a 1/7 power law profile referenced to 40
meters/sec (90 mph) at 10 m (32.8 ft).

For flat plates positioned at tilt angles greater than 15°, the air flow
detaches from the plate and separated flow analysis theories must be used to
analyze the aerodynamic forces on the flat plates. Using a prototype separated
flow analysis program developed by the Boeing Commercial Airplane Company, the
aerodynamic forces were calculated for arrays positioned at several tilt angles
between 20° and 90° with the wind direction from both the front and rear. From
the results, it was determined that the aerodynamic loads on the arrays increase
with incr2asing tilt angle and decreasing ground clearance. It was also estimated
that a reduction of wind forces of as much as 60% can be attained by spacing

the arrays such that the downstream arrays are in the wake of upstream arrays.
Figure 1-1 summarizes the aerodynamic load sensitivity of arrays for key array
parameters.

Because the angie between the sun and the horizon varies, depending on time of
year and geographic location, the tilt angle of fixed arrays will vary depending
on their location. Expected wind aerodynamic forces on the arrays in close

grcund proximity were calculated using the normal force coefficients decermined

by the separated flow analysis program and the design wind dynamic pressure on the
arrays.(The geometric position of the arrays with respect to the around were ccn-
sidered when calculating the wind dynamic pressure). These forces, shown in

Figure 1-2, are recommended for use in designing the arrays for steady state wind
loads without the benefit of protective fences.
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Protective fances can effect a considerable Jecrease in the wind velocity

behind the fence compared to the wind velocity windward of the fence. The

amount of reduction is dependent upon several parameters, particularly the fence
porosity and the distance behind the fence. In general, the largest decrease in wind
velocity is located close b..ind the fence. The wind velocity tends to

increase with increasing distance to the freestream velocity at a distance

behind the fence of from 13 to 17 times the fence height. Isotachs (lines of
constant velocity) behind four different porosity fences are presented. These
isotachs can be used to estimate the aerodynamic forces that photovoltaic

arrays may incur when positioned at various locations behind a fence.

Several ather techniques were suggested as possible means to reduce the wind
loads. Incorporating porosity into the arrays at the perimeters of the soiar
panels may reduce the wind forces on the arrays and may also tend to clean
the arrays by introducing swirling wctions to the wind. COther techniques
that may reduce wind Toads are blocking the flow of air under the arrays and
rounding the edges of the arrays.

These wind load reductiun techniques will be appraised in a recommended wind
tunnel test. Ia addition, the recommended wind tunne! test will also deter-
mine wiether the estimated 60% reduction in wind loads on the arrays can be
attaired when arrays are spaced such that arrays are in the wind wake of other
arrays.



2.0 INTRODUCTION

This report describes a theoretical analysis of the aerodynamic loading on
long flat plate photovoltaic arrays resulting from exposure to the wind
environment. The study was performed under contract number 954833 to thr
Jet Propulsion Laboratory as part of the Engineering Area analyses for
Low-Cost Solar Array (LSA) Project. This project is being managed by JF.
for the Department of Energy, Division of Solar Technology.

2.1 Study Objectives

The Department of Energy (DOE) photovoltaic program] has the overall objec-

tive to ensure that photovoltaic conversion systems will contribute signi-
ficantly (50 GWe) to the nation's energy supply by the year 2000. The DOE
hes established specific price goals which are deewed necessary to achieve
the desired industrv growth ai ' market penetration. These goals, i.e.,
producing energy at 50-80 mills/¥W-h by 1986 (expressed in constant 1975
dollars), are recognized as very challenging, since tc meet them industry
must reduce all aspects of costs related to the construction and maintenance
of the arrays.

One such area where some reduction of costs may be attained is in the
structural costs of the photovoltaic panels, panel and array support struc-
ture and foundations of a photovoitaic power station. Any reduction in the
wind design loads will result in some reduction in structural zosts.
Previous studies have shown that the design wind loads on the phote oltaic
arrays can significantly affect structure costs. A design str iy of flat
plate array support structure3 showed that the arrays (structural! frame-
work and foundation) costs were of the same order of magnitude as the
photovoltaic module costs. Furthermore, the array costs were strongly
dependent on the assumed wind loading, for loads in the range of 35 to 75
psf. Another conceptual design study2 evaluated a photovoltaic array design
using transparent inflated enclosures to protect the moduies from wind loads.
The 1oading on the enclosures for this study were based on limited data
available in *he literature, wind tunnel test results, and/or analysis.
Predicted wind loadings on the enclosures were near the low end of the range
compared to those used in Reference 3, and showed significant cost savings

compared to conventional array. «ith similar wind loading criteria.
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This report evaluates the aerodyramic loading on very high aspect ratio (span/
chord length is very large) flat plate photovaltaic arrays located on or in
close proximity to the ground, in close proximity to each otaer. and exposed
to the wind environment. The objective of the study was to determine wind
joading criteria for flat plate photovoltaic arrays with various configura-

tions in relation to chord lengths, array spacings, height of the arrays from
the ground, wind directions, and array angles of attack. A further objective
was to determine means of reducing the aerodynamic loads on the arrays by using
protective fences, building porosity into the arrays, or any other techniques
considered feasible as a load reducing method.

2.2 Study Ground Rules

The basic ipproach to this study was to use existing state of the art theo-
retical aerodynamic techniques to predict the aerodynamic loads and to inves-
tigate means of reducing the loads on flat plate arrays. Existing published
experimental results would be used {when possible) to validate the results and
to predict aerodynamic flow patterns and loads for conditions that cannot be
satisfactorily solved by existing theories.

2.2 Study Requirements

The requirements of this study involves analysis and test planning within
five specific areas. They are:

i) Wind Profiles

i1} Wind Loads on Flat Plates

iii) Key Wind Loads Parameters and Parameter Sensitivity
iv) Load Reduction Techniques
v) Test Prograin Planning

ivon-dimensional wind profiles were to be developed in the vicinity of flat-
plate array fields with and without proteccive wind barriers, utilizing
existing theoretical techniques and data published in the literature. The
aerodynamic pressure loading and resulting structural support forces dre
strongly deperdent on these wind profiles. Tre aerodynamic pressures and
torces resulting from the wind environment was to be determined for specific



free stream wind profiles, wind angles, array heights, spacings, and tilt
angles and protective barriers., Figures 2.1 and 2.2 summarize these
array configurations and working environment. Key parameter and the
parameter sensitivities affecting the aerodynamic loads and means of
reducing the aerodynamic loads were to be determined from the analysis.

A test program was then to be planned that would verify and augment the
analytical resulis. The following is a detailed summary oi the statement
of work.

® Analytically develop non-dimensional wind profiles in the vicinity
of, and within flat-plate array fields utilizing existing data found
in the literature. The wird profiles developed in this study were
to be normalized to the reference profile, a 1/7th power wird velo-
city profile associated with open terrain having a 40 meter/second
wind velocity at an elevation of 10 meters with sea level standard
atmospheric conditions. The following represent areas for evalua-
tion:
i) Identify possible natural terrain features that would produce
a more severe profile than the reference, and depict their
associeted velocity profiles. '

ii) Cetermine the effects on the reference profile of artificial
barriers. Determine and depict the .rctfile downstream from
the barrier and at specifisd horizental distances in terms of
barrier heights and at the point of optimum expected reduction
in the velocity profile for fences 2.5 and 5.0 meters nigh for:
a) solid fences with incident wind angles of 0° (head-cn) and

45°.
b) 50% geometrically porous fences with incident wind angles
of 0° (head-on) and 45°.

iii) Identify any variations of the barriers or other types of bar-
riers that would further reduce the velocity profiles and depict
their associated profiles.

iv) Determine the effects on the reference profile of array field
parameters at a herizontal distance of two meters upstream of
a single row array for:

a) Incident wind angles of 0% (head-on), 45°%, 90Y, 155°, and
180°,
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b) Ne barrier, the optimum barrier, and an intermediate barrier.
c) Array field parameters including:

1) specified array slant heights.

2) specified array leading edge ground clearance heights.

3) specified array tilt angles.

v) Determine the effects on the reference profile of rows of arrays.
Determine and depict the profile at specified horizontal dis-
tances upstream of an array field and at horizontal distances
halfway in between specified rows of an array field for:

a) A combination of array fieid parameters determined from iv).
b} Specified incident wind angles.

¢) No barrier, and the optimum barrier wind profile.

d) Specified array row spacings.

® Determine the resultant wind loads on the modules and panels that would
be transmitted to the array support structure and foundations for each
of the following:
i) The most severe wind profile found previously at an incident wind
angle of G° (head-on), 45°, 90°, 135%, and 180°.
ii) The optimum barrier wind profile at an incident wind angle of
0% (head-on), 45%, c0°, 135°, and 180°.

e Interpret the resultant wind lvads on the modules, panels, and support
structure to identify key parameters, and load sensitivities to those
parameters.

e Identify possible design configurations that would further reduce wind
ivading on the arrays.

e Outline and describz= a test program that would verify the analytical
results including an assessment of the level of confidence of the test
program results.



.4 Report Organization

The remainder of this report presents the detailed study results with
proposed desigr aerodynamic loads and conclusions. Section 3.0 presents
basic aerodynamic equations, definitions, and nomenclature used in the
analysis. Section 4.0 gives a brief synopsis of the existing literature
that is related to this study. A brief summary of the theoretical results
“or both potential and separated flow analysis on flat plat arrays is
presented and discussed in Secticn 5.0. Section 6.0 presents proposed
design loads for flat plate arrays and potential wind load reducing devices
for the arrays. Proposed wiad design pressure distributions along the chord
of the arrays are presented in Seétion 7.0. In Section 8.0, the purposes of
a proposed wind tunnel test plan and gains to be realized from a test are
given. Conclusions and recommendations are in Sectien 9.0.

Appendix I presents the detailed results for the theoretical aerodynamic
aralvsis of the flat plat arrays ir both the separated and potential flow
regimes. Appendix 11 details a comprehensive wind tunnei test plan.



3.0 BASIC AERODYNAMIC EQUATIONS AND DEFINITIONS

The analyses used in tnis report required the use of aerodynamic theoretical
methods and calculated results in aerodynamic terms. Since nost people
employed in the design of photovoltaic arrays ars not aerodynanicists, this
section explains the basic aerodynamic terms and nomenclature &nd defines
basic aerodynamic equations such that any engineer may understand the results.
In addition, synonyms between aerodvnamic and solar energy terms are given
where applicable.

3.1 Analysis Definitions and Nomenclature

Aerodynamic coefficients: non-dimensional coe ficients.
nrressure coefficient (Cp): relates 1ifting surface pressure to
freestream dynamic pressure, Cp = p/q.
Cp slope of the pressure coefficient
[ 3

curve; relates pressure ceoefficient
to angle of attack, cp =C.q.

Pa
normal force coefficient relates lifting surface force normal
(Cﬂ’ CN): to surface to freestream 4 .anmic

pressure, CN = Fn/qA.

CNa slore of the normal force coefficiant
curve, relates normal force coefficient
to angl. of attack = C.»
ng ’CN CNuQ'
l1ift coefficient (CL): relates lifting surface force normal

to freestream velocity to freestream
uynamic pressure CL = L /34,

drag coefficient (Cn): relates lifting surface force in
freestream velocity direction to

freestream dynamic pressure, CD = D/qA.

center of pressure (%): location of total force on lifting

surface measured from the leading edge.

Angle of attack ( « ): angle measured from the wind vector

to the plane of the lifting surface.

il



Array:

Array field.
A1-ay spacing:

i ;pect ratio (R ):

tase pressure face:

luft body:

chord (C):

Drublet:

Dynamic pressure (q):

Ground clearance (Z):

Inriscid:

Leading edge:
Mod.ile:

Normai wash, ow.wash:

Panel:

Blate:

Pressure {.):

Reynn ds Number:

Span {(L):

12

a mechanically integrated assembly of
panels together with support structure
(including foundations).

the aggregate of all arrays.
horizontal distance measured from one
array to the identical location on the
next array.

aerodynamic geometric parameter (span/
chord for a rectangular array).
downwind side of lifting surface.

a nonstreamline body that causes

airflow about itself to become
separated and turbulent.

distance of array between leading and
trailing edges and perpendicular to the
edges, i.e.: slant height of array.
source and sink located at the same
location, an analytical! device used in
potential flow theory.

pressure due to freestream velocity

(q = .50V2).

distance between the ground and the
lowest point on the panels forming the
array.

frictionless flow.

windward edge of the array.

the smallest complete environmentally
protected assembly of solar cells.

flow of air perpendicular to the lifting
surface plane.

a collection of one c. more modules fast-
ened together forming a field installable
unit.

thin rectangular shaped structure thai acts
as< . iifting surface.

force per unit area

indicates inertia effects of fluid,

L
RE = 5

distance of an array hetween the two

siae edges i.e.: length of array,



3.2

(99 )
.

(93]

Solar Cell:

' Tilt angle:

Trailint edge:
Viscous:
Windward face:
Yaw angle:

cE° s= =

the basic photovoltaic device which
generates electricity when exposed to
sunlight.

angle measured from the horizontal to
the plane of the array panels.
downwind edge of the array.

flow that has friction.

windward side of 1ifting surface.
angle measured from wind direction to
the normal of the array leading edge.
array surface area.

length.

wind velocity.

air density.

coefficient of viscosity.

kinematic viscosity.

~fraction of span.

area of lifting surface.

Solar Energy - Aerodynamic Synonyms

Solar Energy

Aercdynamics

Comments

Tilt angle and wind Angle of attack Restricted to hori-
direction zontal winds

Siant height Chord

Wind angle Yaw angle Symbol is a.

Aerodynamic Sign Convention and Basic Equations

Sign Convention:

wind ‘}

vector

plt into surface )
- out of surface (suction)
+ Lift Normal
+ ‘““,%me
!
'+ Drag
TN

13



Aerodynamic Equations:

1. Pressures and pressure coefficients are related by:

P = q Cp

2. Normal forces and normal force coefficients are related by:

FN = q SCn

3. When the pressure coefficients and normal force coefficients are linear
with respect to angle of attack, the above expressions can be changed to:

= Q
P 9 CPa

Fo = asCqa

4. Normal force coefficient for chordwise strips can be obtained from
the pressure coefficients by integrating the pressure coefficient
along the chord and is expressed by:

¢ = 1 C
A
or for a surface as:

c =1 jf. c
n S s P

5. Lift and drag coefficients are related to the normal force coefficient
by the angle of attack as:

CL = Cn cos

CD Cnsinu

6. Lift and drag forces are given by :
L = ¢ SCL

D = 4q3C

14



4.0 HISTORICAL DEVELOPMENTS - AIR FLOW ABOUT BLUFF BODIES

Until recently, most research on the prediction of the aerodynamic forces

on and air flow about bluff bodies has been concentrated mainly on the flow
over and around fences and buildings. The number of investigators and pa-
pers written on this subject is immense as illustrated by the review of the
oublications referenced by Van Eimerna, Frosts, and Cermakﬁ. Since this
study is concerned with the wind flow about and aerodynamic forces on phcto-
voltaic flat plate arrays, only publications that are applicable in some
respects to this problem are briefly reviewed.

4.1 Theoretical Developments Synopsis

The main features of air flow over bluff bodies in contact with the ground
is shown in Figure 4-1 and consists of the five zones7 shown in the figure.

— Zong 1 — ==~ Zone2 ——f—————- Zone3 ———— - —~}— Zone 4 —~}~ Zone 5 —

T

Frrrrrr T T T T T T T T T T T rrr 7
k- ——3an

S ~ Front stagnation point

Zone 1: Zone of unobstructed flow
2one 2: Zone of pressure rise

Zone 3: Standing eddy zone

Zonae 4: Zone of redgvelopment
Zone 5: Zone uf redeveloped flow

Figure 4-1. Air Flow Concept About Bluff Bodies
Immersed in the Wind Boundary Layer
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In Zone 2, a standing vortex is located on the windward side of the barrier
ir the corner between the ground and the windward face; the vortex diameter
is approximately equal to the distance between the ground and front stagna-
tion point on the windward wall. At the barrier top edge the flow is ac-
celerated and separates and then reattaches to the ground at the Zone 3 -
Zone 4 boundary downstream of the barrier at a distance of approximately
13-17H, where H is the height of the barrierS’>. The flow between the bar-
rier and the reattached flow and below the separated flow boundary consists
of a standing eddy zone of reduced steady state velocity and increased tur-

bulence indicated as Zone 3.

The exact theoretical representation of the boundary layer equations of
motion for incompressibie flow are the Navier Stokes equations given as: .

Du _-139 vy
ot 05)%"“ y
Dt p 3y
Dw -1 38, vyl
Dt p 9z *
where
0 . 3 .ud vy WO
and
¢ 3y2 322
and p = fluid density
V = kinematic viscosity
u,v,w = fluid velocity in the x, y, z directions, respectively

16



Because of the complex boundary layer flow, these equations are difficult
to solve without simplifications even for flow over simple bluff-bodies.

Several authors have performed theoretical analyses of the flow over bluff-
bodies with Timited success. Bit’ce]0 employed several different theories
to predict the flow over a two dimensional solid fence perpendicular to

the free stream flow. One method employed by Bitte and also Kiya]]’lzwas
the use of inviscid flow to develop the equations of metion. This method
produced results that matched wind tunnel results fai~ly well as used by
Sakamoto '3 for the flow on the windward side of a fence, the fiow outside
of the standing eddy zone. and for the windward face pressure distribution
on a fence. The flow in the standing eddy zone was not predicted using
this method. Predicting the flow in all of the zones does require empiri-
cal data usually obtained from wind tunnel results. The required empirical
data is the windward face stagnation poi . location and pressure, the se-
paration point location and pressure and the downstream reattachment point
location. Sakamoto]4 applied this method to include two-dimensional plates
perpendicular to the free stream flow. He showed good comparison of the
theoretically predicted prassures on the windward surface to those obtained
from a wind tunnel study. Bitte also applied the concepts of turbulent
boundary layer theory with the inviscid flow equations to predict the flow
in the wake. He related the eddy viscosity to the mean flow through the
Prandtl mixing length hypothesis and described the viscous turbulent atmos-
pheric metion upstream of the fence by a l1ogarithmic velocity distribution.

Tau]bee]5

to predict the flow and pressure distribution in front of and on the wind-
16

used a rotational flow analysis, dubbed "frozen vorticity theory"”
ward surface of a forward facing step. Seginer'” proposed a method based
on the momentum equation and knowledge of the flow field to calculate drag
and moment on a two dimensional porous fence of porosity greater than ap-
proximately 40 percent. Seginer did not show any comparison of his method

17



with experimental results. This method uses a logarithmic velocity profile
and requires knowledge of the pressure and shear stress along the surface.
Par*kinson]7 used two-dimensional ccmpressible potential flow theory and
conformal mapping to predict the flow and wake geometry of a symmetrical
bluff-body (flat plate) which is not in the turbulent boundary laye: or
attached to the floor. Counihan]8 employed a simple eddy viscosity theory
to describe the wake geometry behind two-dimensional surface obstacles in
trroulent boundary layers. This theory describes the mean velocity reason-
ably well. It also suggests that the velocity deficit is affected by the
roughness of the terrain.

Most of these theoretical analyses require prior knowledge of the flow and
are only applicable to two-dimensional flows. The flow predictions from
these analyses on the windward side of a fence match results from wind
tunnel tests fairly well. In most cases, the velocity profile in the
standing eddy zone behind the bluff-body is not predicted.

4,2 Experimental Studies Synopsis

There have been numerous experimental wind tunnel studies and a few natural
wind studies on the air flow about fences. In contrast, studies of flat
plates inclined to the free stream velocity are relatively few in number.

One of the more referenced studies on airflow about fences was performed by
Good and Joubertanﬂho performed a tunnel test of the flow over a fence with
the wind boundary layer profile simulated as a 1/7 power law. Good and Jou-
bert measured the velocity field windward and behind a two-dimensional solid
fence as well as the pressure distribution un the fence. Of considerable
importance in their findings is that the relative extent of upstream influence
of the bluff plate on the boundary layer is found to increase rapidly as h/§
decreases where h is the height of the bluff plate and § is the boundary layer
thickness. Of significance in their study is that they did not correct their
results due to tunnel blockage effects. Tunnel blockage effects were studied
for the flow field and drag of a twe-dimensional solid fence by Castro]g and
was shown to significantly affect the flow field and pressures.
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Woodruff 2Opelr'formed both wind tunnel tests and natural full size tests

of from one to three fences positioned 15 times their height behind each
other. From the tests, it appears as if the flow behind one or all three
fences are not very different. Woodruff also performed full size tests
of three dimensional fences 2t an oblique angle of approximately 45° to
the air fiow. The turbulent flow behind these fences also does not ap-
pear to be much different whether the flow is perpendicular or at an
oblique angle, providing the flow is compared along the direction of air-
flow. This is also shown to be true by Van Eimern 4provided the flow
angles to the fence are less than 50° .

The effect of fence porosity on the turbulent flow and fence drag is re-
ported by Jensen 2]. Baltaxe 22, and Raine 23. Raine showed that a solid or
Tow permeable fence (0%-20% permeable) gives slightly better wind pro-
tection than a 34% or 50% permeable fence (Figure 4-2). Raine also showed
that local turbulence increases with decreasing permeability (Figure 4-3).
This turbulence spectrum close to the fence is dominated by the high fre-
quency turbulence shed by the fence elements (Figure 4-4). Farther aft

of the fence, this high frequency turbulence decays and the turbulence
spectrum is dominated by the approach flow turbulent spectrum. Most
authors have assumed that Reynold's numbers do not affect the flow above

a given Reynold's number; Raine stated that this is true only if the ratio
of fence height to surface roughness remains constant. Raine's findings
indicate that criteria related to the wind loading on panels behind a
fence must consider the free stream turbulence, fence induced turbulence,
and the reduction of the free stream velocity by the fence.

Wind tunnel studies of the air flow over flat plates inclined to the free

stream velocity were performed by Sakamoto]4. Raju24, and Modizs. Sakamoto
mounted the plate in the boundary layer prcfile with one edge on the ground
plane and varied the inclination (angle of attack) of the plate from 30° to
1,0° to the free stream velocity. Windward and base pressure distributions
were presented for the various inclination angles. Modi mounted a plate in

the free stream air flow and varied the angle of attark from 0° to 90° to
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obtain lift and drag force coefficients. The results from Modi's study
were used in this contract to validate the theoretical results calculated
Jsing a Boeirg developed computer program for separated flow analysis.

4.3 Wind Velocity Profiles in Ground Proximity

Investigators have assumed a variety of shapes for the velocity profile
used in theoretical and experimental studies to match the natural boundary
layer velocity profile found in nature. There are essentially two analy-
tical representations used consisting of either a logarithmic or power law.

The logarithmic representation was developed using Prandtl's mixing length
1 26assumed that £ (length) is proportional to y {boun-
dary layer thickness), i.e.,

hypothecis. Prandt

£ = ky

Then the change in velocity (V) in the boundary layer is
a¥ _1_yT/y
dy ky

which on integration yields

V= i T/p 1n y + constant

where T = shear stress including Reynolds stress

fluid density

©
[

28 dimensionsl fheory yield results

Von K.arman'sz7 nypothesis and Squire
which differ frem Prandtl's only in the value of the constart k. In

general, the iogarithmic profile s found to be valid only in regions
cloce to the surface where viscous effects tend to dominate over turbu-

13,14

Tent mechanisms. Sakamoto and Seginer']6 used logarithmic velocity

profiles in their studies.
The power law for velocity distribution has its beginning in the clder

literature of aerodynamics. The power law does lend itself to matching
experimental results. It has its crigin in the early work (1913) of
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Blasius. Prand:l proposed a velocity profile of the form

L (%)

where V = velocity at height y
V,= reference velocity at §
§ = boundary layer thickness

and found n to equel 1/7 using appropriate assumptions for T, (laminar shear
stress) based on steady flow consideraticns. The actual value used for n
varies considerably among investigators. ‘I‘aulbee]5 used a power deficiency
]8, Goods, and Raine23

a power law rean velocity profile with exponents of 1/8, 1/7, and 1/6, res-

law with several different exponents. Counihan used
pectively, Davenport29 matched theoretical power law velocity profiles to
measured profiles over & number of different terrains and reported the re-
sults in a table that shows the exponent to vary from 1/2 to 1/10.5. He

recommended using 1/7 as the exponent for most open flatlands. Sturrock30
also measured the wind profile over several types of flatland and growth.

Figure 4-5 shows his reéu]ts compared to a 1/7 power law.

From the overall data and results presented by the numerous investigators,
it is concluded that a power law velocity profile with an exponent of 1/7
appears to match most of the velocity profiles found “n nature and is a
satisfactory velocity profile to use for design purposes for use in open
country terrain.
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3sr Z = Height above ground
l Zo = 3 4 meters
10 V = Velocity at height Z

V, = Velocity at 3.4 meters
251
Height ~ meters
20,-
1.5¢
1ol 7 Grass, Fallow (ref)
Lucarne (ref} ~
.5e- _ / -
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Vivg © 3.4 maoters, %

Figure 4-5. Comparison of 1/7 Power Wind Velocity Profile
and Experimentally Determined Profiles
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5.0 AERODYNAMIC LOADS  FLAT PLATE ARRAYS

Hind aerodynamic forces on bluff bodies is an everyday occurrence and no
significance is placed onto its destructive potential until a strong wind
storm occurs. After such a storm, the damaging effects of wind caused
aerodynamic forces on bluff bodies are readily apparent by the number of
roofs torn off of buildings, windows blown out, and trees and fences
blown down. Of primary importance in the solar energy field is the wind
acrodynamic forces thet the colar arrays may be expected to be subjected
to during the working life of the array.. These solar arrays consist of
in essence fiat plates with aspect ratios that vary from univy to very
lar<a. The wind caused aerodynamic forces on these arrays are similar to
tue a2rodynamic forces on fences for large aspect ratio arrays and on sign
boarus for small aspect ratio arrays. This study is directed at vnly the
wind generated forces cn large aspect ratio arrays.

The normal force coefficients cetermined in aerodynamic experiments
on flat plates has a form depicted in Figure 5-1. When a plate is ex-
*

posed to the wind at a small angle of attack (angle measured from the

wind vector to the plate), the pressure distribution is linear

with the angle of attack. At small angles, the flow remains attached to

the plate and potential flow aerodynamic theories are valid (Figure 5-2).

As the angle c® attack is increased, the flow begins to separate from the

plate and the total pressure decreases (Figure 5-3). The boundary of the

separated flow encompasses a region that is turbulent in nature and is

commonly known as the wake. With further increase in the angle of attack,

more of the flow separates from the plate, the total pressure decreases to

a minimum value and then gradually increases as the width of the wake

increases, creating a larger region of turbulent flow. Since the flow

is non-linear and turbulent at these larger angles of attack, more sophis-

ticated analysis techniques than potential flow theories must be used to

analyze the flow.

“The array tilt angle and the angle of attack (when less than 90°) are identical
in magnitude for horizontal winds. However, the definitions anrd implications of
each is completely different and should be recognized. The tilt angle is
defined as the angle from horizontal to the plane of the array, whereas the
angle of attack is defineu as the angle measured from the wind vector to the
plane of the array. Consequently, the angle of attack varies as the direction
of wind varies and can vary from zero to 180°, whereas the tilt angle varies

from 0° to 90°. In addition, for angle of attack measurements the wind does
not reed to be horizontal.
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Figure 5-3 Flow Visualization for Flat Plates at Large Argles of Attack
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Historically, aerodynamic theoretical methods and procedures have been
developed for use in aircraft and aerospace related projects. Most of
these methods and procedures were derived for operating in a constant
dynamic pressure, constant velocity profile environment. The theoretical
development and use of any aerodynamic method is much simpler if the wind
environment is 3 constant velccity profile rather than a varying profile.
Conseguently, this section evaluates the aerodynamics on high

aspect ratio flat plates exposed to a constant wind environment. The
effects of velocity profilec on the aerodynamics, specificaily a 1/7 power

law velocity, is appraised in Section 6.0.

5.1 Theoretical Analysis - Constant Velocity Profile

For fixed photovoltaic arrays that have tilt angles between 20° and 90’, the
wind angle of attack is sufficiently large that the air flow over the array

is in the separated flow regime. A prototype computer program32 was used to
predict the wake behind the array and the pressure distribution on the array
surfaces. Figure 5-4 shows typical results from the computer program (the
wake definition and wind velccity on the wake boundaries relative to the
freestream velocity for a flat plate array in close ground proximity). The
corresponding pressure ccefficient distribution on the array is shown in
Figure 5-5. (The pressure coefficient distribution and wakes were calculated
for a number of different angles of attack and several ground clearances
including arrays in free air. The uescripticn of the analysis and the results
are presented in detail in Appendix A.) It can te seen in Figure 5-4 that the
width and length of the turbulcnt wake and the wake boundary velocity at the
array edges increases as the angle of at*ack (tilt angle) increases. This
causes the pressure coefficients to increase on the array surface as the angle
of attack increases as shown in Figure 5-5.

Figures 5-4 and 5-5 are far a single array. “he computer program cannot
analyze the aerodynamic forces on arrays in the wake of other arrays. However,
from the literature it is estimated that an aerodynamnic force reduction of as
much as 2.5 will be attained on the arrays immersed in tiie wake of other
arrays. From the geometry of the arrays (assuming that one array should not
be in the shadow of another array with the sun verpendicular to the array face)
and that a minimum separation of arrays of 8 feet is required for maintenance
access, the location of downwird array were determined and superimposed on
Figure 5-4 and shown in Figure 5-6. This shows that the arrays will
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Figure 5-5. Effect of Angle of Attack on Two-Dimensional Theoretical Plate
Pressure Distribution in Close Ground Proximity
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be in the wake of each other {at least at minimum array spacing) and a red-ction

in aerodynamic forces on the downwind arrays will be realized.

If the tilt angle of the fixed photovoltaic arrays are less than 20°, the
aerodynamic forces on the arrays must be analyzed by potential flow theory.
Since these angles will seldom occur in the continental United States, the
results of the potential flow theoretical aerodynamic analysis is only high-
Tighted in this section but is presented in detail in Appendix A together
with the separated flow analysis.

Figure 5-7 shows typical pressure coefficient per unit angle of attack
distributions along the chord when in close ground proximity. The large
pressure coefficients on the leading edge and with a center of pressure
located at the quarter chord location are typical for flat plates at small
angies of attack. The normal force slope coefficients along the span shown
in Figure 5-8 are also typical for potential flow analyses.

wnen the wind comes at an oblique angle, different than head-on to the a:ray
(effectively, the array is yawed to the wind), the aerodynamic pressures wili
decrease. Figure 5-9 presents the results for a single array with the array
yawed at 45° to the wind. Figure 5-9 is a plot of the normal force slope
coefficient along the span with the array yawed at 45° to the wind compared

to the resuits for a head-on wind. The magnitude of the results for the yawed
array are significantly lower. However, the shape of the force slope coefficient
with the wind at 45 degrees is similar but slightly displaced compared to the
head-on results.

The aerodynamic pressure coefficients are useful for determining the local
pressures cn the panels of the photovolitaic arrays. To obtain the total
aerodynamic loads on the support structure, the pressures are integrated
over the chord to produce normal force coefficients on the paneis. Using
these normal force coefficients, the area of the panels and the wind dynamic
pressure, the total aerodynamic force normal to the array photovoltaic panels
can be calculated by the equation:

Fy =95 Gy
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Figure 5-10 presents the normal force coefficient (CN) as a function of the
array angles of attack for both the potential and separated flow regimes.
This figure shows that arrays with tilt angles of around 20°-25° would

experience the lowest aerodynamic loads.

Chord = 2.4m (8 f1)
Wind @ 0°, 1800

bi ¥
Z=.6m (2 ft) Z=1.2m (4 ft)
201 20,
- n=.5(md
15} /——ﬁ = 5 (mid span) 11 5 N " (mid spani
C - = C —— -
Py n =.0625 Py T n=.0625
10r —n=.0125 10 -1 =.0125
1/rad ’ 1/rad
5t 5}
0 A o, Ol_ i
.2 4 .6 8 1.0 .2 4 .6 .8 1.0 -
Fraction of chord Fraction of chord

Figure 5-7. Chordwise Pressure Coefficient Distribution at Small Angies of Attack
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Figure 5-9  Effect of Yawed Wind on Spanwise Force Slupe Coefficient Distribution
for a Flat Plate
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6.0 AERODYNAMIC DESIGN LOADS AND 1.OAD REDUCING PROCEDURES

Wind aerodynamic loads cn a structure will always occur in nature. However,
the design of the structure can significantly affect the magnitude of the
aerodynanic loads on the structure. This section will present proposed wind
design forces for high aspect ratio arrays using the resuits from the analysis
technique defined in Section .0 and also identify several means of reducing
the wind aerodynamic loading on f'at plate arrays. The load alleviation
techniques are igentified only as wind load reducing devices and are not
evaluated for their initial cost requireme: ts and thus whetheir an actual cost

~Tuction of the total structure is realized.
6.1 Appraisai of Theoretical Analysis for 1/7 Power rLaw Velocity Profile

In order to develop wind design forces for high aspect ratio arrays, it is
necessary to determine the effect of velocity profiles on the aerodynamics of
the ar~3,_. The results in Section 5.0 were derived “or a constant profile
wind. This section will appraise how the results would be affected by a wind
profile that varies as a 1/7 power law.

The fact that the aspect ratio of the arrays studied is large, that is, the
lengtl to chord ratio is large, the flow around tne side edges has no impact
on the forces over much of the structure. The side edges only affect the
pressures very close to the side. For separated flow on a high aspect ratio
array, the base pressure is at least twice the windward-side pressures.

Also, the windward pressures are affected very little by the velocity profile
and are only 2 function of the .verage dynamic pressure on the windward face.
As a resuylt, conly the base pressdres need to be evaluated for wind profile
effects, and onl, the air Tlow over the top and bottom edges need to be
corsidered for determining the base pressure distribution.

For conditions where an array is placed in close proximity to the ground

but with a gap between the array and the ground, air wiil flow through this
ground clearance gap. Because the array is blocking the air flow, the volume
of blocked air must flow up over the top of the array or through the

ground clearance. Because of the deflection of air caused by this blockage,
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the air velocity must increase to allow the blocked volume of air to flow
over and under the array. The tendency is for the air velocity to adjust
itself to be equal at both the top and bottom edges c¢f the array when the
flow over the array is separated flow. If the velocities are not equal,
there will be a pressure difference between the top and bottom cn the base
pressure side and a flow of air from the higher to lower pressure area. In
practice, the pressures are found to be essentially constant across the rear
side of a plate for large angles of attack.

The difference in array aerodynamic forces resulting from a 1/7 power law
velocity profile compared to a constant velocity prof.le can be appraised
by examining the difference in the volume of air blockea (deflected) by
arrays using these two profiles. This volume of blocked air can be ap-
proximated by the equation:

Vol/unit length = V X Zarray
where
Zarray = height of the array
V= average wind velocity over the height of the array

Since the array height is equal for bnth velocity profiles, the volume of
air blocked (deflected) is only affected by the average freestream velocit)
extendina ~ver the region of tne array height (elevation from the bottom to
the top of the array). By examining Figure 6-1 (the velocity profile of a
1/7 power law), the difference in average velocities between the two profiles
can be estimated. This is best done with an example as shown on Figure 6-1.

Assume that a 2.4 m (8 ft) chord array with a ground clearance of .6 m

(2 ft) and positioned at an angle of 90° to the ground is to be studied,
the average veloc:ty to use for the constant velocity profile would be

that of th~ 1/7 power law velocity at the top of the array. This value is
33.7 metaers/sec. Estimating the average velocity for the 1/7 power law
velocity profile from Figure 6-1 as 31 meters/sec., using the constant
velocity profile would be conservative by 8% for the average velocity which
translates into approximated 16% for pressures and forces, since pressures
vary as the velocity squared. In general, the wind velocity over the top
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and bottom edges for a constant wind pro/ . and a 1/7 power law profile are
very nearly equal (6% difference using t!. :xamplej with the velocity re-
sulting from a constant wind profile being sligntly larger. In calculating
design aercdynamic loads, if the normal force and pressure coefficient data

is obtained using a constant wind nrofile and the dynamic pressure of the
1/7 power law wind profile at the elevation of tne top of the array is used
to calculate aerodynamic forces and pressures, the results would be fairly
accurate and conservative,

5 Reference Condition

Z,=10m
Vo = 40 m/sec
4 b
Aversqge vetocity over
array hmght (constant
valocity profile)
3
Elevation
-~ Metars ‘
2.4m (8 ft} array mth
2 - Average veiocity over —_ 6 m (2 ! ground clear-
array height 1/7 power ™/ ance and an o~ale of 90°
velocity orofile} to the groung
1
I
14
0
0 20 40

Wind Velocity ~ Mater/Sac

Figure 6-1. One-Seventh Pc=r Law Velocity Profile

Figure 6-2 shows an application cf this procedure to obtain th2 dynamic
pressure for use in :he calculations. The variation of dynamic pressure
with respect to height for a 1/7 power law wind profile with a nominal wind
speed of 40 m/sec (50 mph) at a 10 meter (32.8 ft) elevation was calculated
and is shown in Figure F-2. From the geometry of the array (the angle the
array makes with the ground, ground clearance, and array chord length), the
elevation at the top of the array can be calculated. Figura 6-2 shows the
elevation of an array top edge superimposed on the 1/7 power law velocity
plot for a 2.4 m {3 ft) chord array with a ground clearance of 1.z m (4 ft)
and for various angles that the array is positioned. The dynamic pressure
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to be used in the force and pressure calculations can be easily determined
from the specified wind velocity, Vo, and height Zo. and plotted simiiar to
Figure 6-2 for the array at its design configuration with respect to the
ground by using the equations:

q=1/2pV
where

q = dynamic pressure

p = air density

V= Vo(%>1/7

ZH = top edge elevation of arrays

Dynamic pressure for 1/7 2.4 {86t ) array chord

power law velocity profile 1.2 m {4 ft) ground clearanca
18 48 18 48
14} g2} 141 424
12F 36+ 12 36
o} 30} 1o} 3o}

H~ ft [H,meter H~ft H, meter

e 24} st 241
6 1.8 6} 8
41 1.2F 4 1.2F
2+ .6} . 2 6

0 L O'L'__L( L 1 L J ol- 0 4 L |

0 02 .04 06 .08 .10 .12 0 .02 04 08 .08 .10 12

q psi Q. psi

Figure 6-2.  Effective Wind Dynamic Pressures for Different Array Angles of Attack
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(O Proposed Wind Design Forces for High Aspect Ratio Arrays

Prom the results presented in Section 5.0 and Appendix A, and using the
method in Section 6.1 to calculate the dynamic pressure, a set uvi recommended
wind design forces were developed that should prcvide conservative design
loads of array structural supports. Because of the angle of the sun over the
continental U.S.A., the angles that the arrays will be relative to the around
are expected to vary from 20° to 60° depending on location. Using this range
of angles and the results from Figure 5-10, normal forces, lift forces, and
drag forces were calculated for angles of attack from 20° to 60° and 120° to
160° and for ground separation of distances up to 1.2 m (4 ft) but excluding
the condition of no ground separatiocn. The dynamic pressures used in the
calculations were obtained using the velocity at the elevation of the top
edge of the array from the 1/7 power law velocity profile. An interesting
result is obtained from the force calculations: although the aerodynamic
coefficients increase with decreasing ground clearance, the dynamic pressur?
decreases with decreasing ground clearance because of a slightly lower
elevation at the array top edge. The net result is that the forces calculated
at different ground clearances are nearly equal and within the uncertainty

of the analysis. The values of the normal force,lift, and drag forces
(average forces on the array) are tabulated as a function of ground clearance
for various angles of attack and for the 2.4 m (8 ft) and 4.8 m (16 ft) chords
and presented in Table 6.1. The envelope of these forces are shown in

Figure 6-3 for both chord lengths.

To facilitate the use of this table, the following example is presented as a
guide. For this example, assume an array positioned at a tilt angle of 40°
with a ground clearance of .6 m (2 ft), a slant height of 2.4 m (8 ft) and
subjected to a design wind of 40 m/sec at 10 meters that has a 1/7 power
velocity profile. A schematic of this configuration and the aerodynamic forces
are shown in Figure 6-4.
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The wind can approach the array from either the front or back so both
conditions must be considered. Figure 6-4 shows the wind from the back

which will produce an aerodynamic force normal to the array and in an upward
direction. Conversely, a wind from the front will also produce an aerodynamic
force normal to the array but in a downward direction, This normal force

can be resolved into a horizontal and vertical force (drag and 1ift, respectively)
by the tilt angle geometric parameter and the directicn of the wind. This is
already performed in Table 6-1 as FD and FL. Using Table 6-1, the average
1wormal force on the array is 20.5 psf and 15.6 psf for a wind angle of 180°
and 0° respectively,and for a tilt angle of 40°. For a slant height of 8',
the normal force per foot of span is:

F

8 x 26.5

N 164 1bs/ft @ wind angle = 180°

8 x 15.6

122.4 1bs/ft @ wind angle 0°

If the average normal force needs to be resolved into horizontal and vertical
components, FU and FL respectively, they can be obtained directly from the
table as:

-
H

"

180°
10.0 ps7 @ wind angle = 0°
15.7 psf @ wind angle = 180°
00

D 13.1 psf @ wind angle

n
#

-n
1]

1]
}

-11.9 psf @ wind angle

From this, it is seen that the vertical force is up for a wind from the rear
and down fer a wind from the front. The drag force is always in the direction
of the wind.

Although arrays positioned behind the windward front array would have reduced
aerodynamic forces, the theoretically calculated reduction (1imited to spacings
with arrays not in wakes) is not sufficient to affect the results by more

than 10%. To obtain forces on arrays in the wake of other arrays other than
an estimated reduction of 60% requires use cf test methods. Consequently,

the forces shown in Figure 6-3 and Table 6-1 would be satisfactery design

loads at this time for all of the arrays with the forces for the arrays

behind the front array being considerably more conservative than the front
array forces.
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6.3 Array Key Load Parameters and Sensitivities

A designer can minimize the loads on the basic solar arrays by optimizing
the position of the arrays with respect to the ground, themselves, and wind
directions. This section identifies the key parameters on the basic array
and their sensitivity to these parameters based on the results from Section
5.0 and Appendix A,

Key parameters affecting the aerodynamic loads or arrays when the arrays are
positioned at tilt angles greater than 15° are:

plate angle of attack
ground clearance

array spacing

array yaw angle to the wind

wind dynamic pressure {varies as the freestream wind velocity
squared which is dependent on the reference velocity, velocity
profile and elevation of the top of the array).

Figure 6-5 shows the sensitivity of these parameters for typical ranges that
these parameters may encompass. The sensitivity is shown as a function of
the aerodynamic force for each parameter normalized to the maximum expected
value of the parameter.

Gf thrse parameters the array yaw angle must be selected to give the

maximum force which occurs at zero yaw angle for most locations since the
wind direction usually can come from any direction. For other parameters the
aerodynamic forces increase with increasing angle of attack, wind dynamic
pressure, and decreasing ground clearance (until very close to the ground
where the flow becomes significantly blocked from fiowing thrcugh the ground
clearance gap).

The sensitivity to array spacing is essentially constant when one array is
outside of the wake of another. The wake distance depends on t'e angle of
atta'k ana was calculated to be from 2 to 5 array chords in len: th. Vhen
the downwind array is positioned in the wake of tne upstream array, the sen-
sitivity was estimated from the wake velocity profiles behind fences as
determined from the literature. A wind tunnel test would be required to

accurately determine the aerodynamic force sensitivity to this parameter.
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Of these parameters showy in Figure 6-5, the largest aerodynamic force
reduction can be obtained by minimizing the wind angle of attack to the
array and the wind dynamic pressure (wind velocity). The sensitivity of

the ground clearance and array spacing is not nearly as great as these other
parameters.

0.4 Protective Wind Barriers and Resulting Array Loads

The use of wind barriers such as fences can effect some reduction in the
steady state velocity of the wind by interrupting the air flow. Figure 4-1
of Section 4.0 shows conceptually the flow disruption that a fence will cause.

Based on published results in the literature and specifically from the paper
presented by Raine23, reduction in the steady state velocity behind a fence
and the resulting aerodynamic steady state loading on a structure behind

the fence can be estimated. The velocity isotachs (lines of equal velocity)
behind the fences of different porosity are shown in Figure 4-2. It should
be noted that these isotachs are for the condition that no barrier exists
downstream of the fences. Barriers downstream (such as photovoltaic arrays)
will affect the upstream flow depending on their location and shape. Never-
theless, these isotachs do give a quantitative idea of the fiow field and
are useful ia positioning the arrays behind a fence and in evaluating the
height and type of porosity of a fence to realize the greatest reduction

in aerodynamic loads on the arrays.

The isotachs in Figure 4-2 were used to translate the effect that the fence
has on the wind velocity behind a fence using a 1/7 power law for the free-
stream velocity profile. The wind velocity profiles are presented in Figure
6-7 for five locations downstream shown in Figure 6-6 of a 2.5 m (8.2 ft)
fence of different fence porosity. 1t should be noted that because the iso-
tachs do not show flow directions, the velocity profiles derived from the
isotachs alsoc cannot show flow direction. In fact, some of the velocities
shown in Figure 6-7 may oe reversed. From Figure 6-7, the pusition close to
the fence yields the largest decrease in steady state flow velocity. This is
partially offset because the turbulence level in the flow is increased closer
to the fence especially at fence top elevations as indicated by Figure 4-3.
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Nevertheless, the reduction in steady state flow behind a fence causes sig-
nificant reduction in wind dynamic pressures (as much as 90 percent) resulting
in a net load reduction of as much as 60% because of the increased turbulence.
Tnis also indicates that if one array can be placed in the wake of another
array, sign‘ficant reduction of aerodynamic forces on downstream arrays could
be achieved.

Performance and cost studies should be made if a w#ind barrier is considere! as
2 .avice to redy ind aerodynamic forces. Adjusting parameters of such
things as neight ¢f fences relative to array heights, closeness of *he fence
to the array field and porosity of the fence may result in an overali cost
reduction for an array field. Fiaure 6-8 is a cross plot of Figure 6-7 and
details the velocity profiles as a function of fcace permeability derived
from the data prescntec from Rainezo. This data shows that fences of 0% and
20% porosity give slightly better steady state wind protection than 35% and
50% porosity. However, from Figures 4-3 and 4-4 the root mean sauared
turbulence velocity (unsteady flow) is higher for the 0% porosity than the
50% porosity fence. The overall protection afforded by the fences appears
to be best for the 20% porosity fence although this is also dependent on the
Tocation (distance and elevation) behind the fence.

Alchougn the height of the fence used in Figures 6-7 and 6-8 is 2.5 m (8.2 ft)
high, any fence higher than this can be evaluated from these figures by

simply +. 1tiplying all scales of the figures by the ratio of new fence height
in meters divided by 2.5 meters. The error involved using this procedure is
minimal because the slope of the 1/7 power velocity profile curve at the fence
height of 2.5 m (8.2 ft) and above is small. As an example, using this method
for a 5 m (16.4 ft) high fence would result in an error less than 10% for the
velocity profiles.

The results shown in Figures 6-7 and 6-8 can be used to estimate th . reduction
in the wind dynamic pressures and the resulting aerodynamic forces on arrays
positiored behind a fence. This can be pest shown by using an example of the
effect that a fence locatea a specified distance from an array has on the
forces in Table 6-1 for one ground clearance and array slant height. For this
exampie, the conditions used are a 34% ermeable 2.5 m (8.2 ft) fence with an
array located 4 neters behind the fence. The array is assumed to have a 2.4 m
(3 ft) slant height and @ 6 m (2 ft) ground cleurance.
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The top of an array with a tilt angle of 20°, ground clearance of .6 m (2 ft)
and a slant height of 2.4 m (8 ft) would be located at:

N
]

8 sin 20° + 2'
4.75 ft. above the ground

f

Examining Figure 6-8 for a 34% permeable fence and a fence distance of 4 meters,
the velocity at a height of 4.75 ft. is approximately 34 ft/sec. The dynamic
pressure for a 34 ft/sec wind is calculated as:

q = 1/20v°
= .5 (.002378)(34)2
= 1.374 psf
Raine23 shows that the fence causes increased turbulence which as an estimate

may increase the local velocity by 2 (local dynamic pressure by 4). If the local
turbulence correlation function on the panel is ore (1.0), that is, the velocity
due to the turbulence affects all of the panel simultaneously (in phase and
magnitude), the steady state wind loads would have to be increased by 400% to
account for the unsteady wind loads due to turbulence. However, because
turbulence is random, the local turbulence correlation function is much less

than one, and the unsteady wind loads are only a fraction of the steady state
loads varying from near zero to less than 50%36. It should be noted that although
the unsteady wind loads are less than 50% of the steady state loads, the local
unsteady pressures on any part of the panel may be several magnitudes larger than
the steady state pressures. Using 50% in the example,which is conservative

for the unsteady loads36, the calculated steady state dynamic pressure is in-
creased by 50% to account for the increased turbulence :

1.5 x 1.374
2.06 psf

L
1}

The dynamic pressure is calculated to be 11.7 psf without a fence. The normal
force, drag force, and 1ift forces are calculated for a wind from the rear as:

fv = 9y
= 2.06 x 1.18
= 2.44 psf

FD = .83 psf

FL = 2.29 pst
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Performing these calculations for all of the tilt angles presented in Table 6-1
and for an array of dimer:-ions detailed in this example, the normal.drag,and
1ift forces are obtained and presented in Table 6-2. Comparing Table 6-2

to the applicable portion of Table 6-1 for the large tilt angle of 60°, the
aerodynamic force on arrzys be! ‘nd the .ence is 60% of those without a fence.
The reduction in wind loads at this tilt angle would be much greater if the
top of the array was lower compared to the fence. In this example, the top
of the array is approximately three-quarter feet (3/4') above the top of

the fence. For heights greater than the fence height, the wind velocity
profile rapidly increases to the undisturbed wind velocity profile (see
Figure (.S) resulting in higher wind loads.

Table 62. Estimated Wind Losads Behind a Fence

Conditions
Array chord = 2.4 m (8 ft)
Array ground clearance = 0.6 m (2 ft) Fence to array separation = 4m
Fence height = 2.5 m (8.2 ft) Fence porosity = 34%
;':'\gl , | Aipha | Wind |Dynamic | Cpn Fn Fo FL
degrees | de9rees ‘f’:sbc'w Pt e | st pst pst pst
20 20 34 2.08 1.18 244 83 229
25 25 K’ 2.06 1.25 258 e 234
30 30 7 ) 2.06 1.34 2.77 .39 2.40
Wind 35 35 36 2.3 1.44 3.33 1.9 2.72
from 40 40 42 3.14 1.55 4.87 313 373
rear 45 45 47 3.94 1.68 6.62 4.68 4.68
50 50 53 5.01 1.79 8.97 6.87 5.77
55 55 60 6.42 1.89 12.14 9.94 6.96
60 60 69 8.49 1.98 16.81 14.56 8.41
60 120 69 8.49 1.70 14,43 12.50 -7.22
55 125 60 6.42 158 10.14 3.30 -5.81
50 130 53 5.01 1.44 1.22 5.53 -4.64
Wind 45 135 47 3.94 1.31 5.16 3.65 -3.65
from 40 140 42 314 1.18 an 2.39 -2.84
from 35 145 36 231 | 106 | 245 1 -200 |
30 150 35 2.06 .95 1.96 .98 -1.70
25 155 34 2.05 .85 1.76 74 -1.69
20 160 l 34 2.06 77 1.59 .55 -1.49
—J

*Wind velocity 4 mete: behind the fence and at the heighi corresponding to the top of the array.
**Includes a factor of 1.5 to account for turbulence generated by ihe fence.
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For more accurate results, a wind tunnel or natural wind study is required
since the air flow is influenced by the shape of the arrays and the position
of the arrays relative to themselves and to the fence. The effect on array
steady state aerodynamic forces for a number of fence and array parameters will
be evaluated in a proposed wind tunnel test plan detailed in Appendix B if

the test is implemented.

One condition that should be avoided or protected against when using fences
as wind protective barriers, is to avoid changing fence direction with a
sharp corner.35 Sharp fence corners can generate a vortex from a wind yawed
to one side and can actually increase the wind velocity in a narrow region.
To avoid this, the fence should be built to go around the corner in a gentle
radius or if a sharp corner is required, to build another fence in front of
the corner and at an angle that is perpendicular to the bisect line of the
corner.

6.F Miscellaneous Potential Load Alleviation Techniques

There are several potential load alleviation techniques that may reduce the
wind aerodynamic loading in a more cost effective manner than reducing the
freestream velocity with protective barriers. These techniques will be dis-
cussed in this section but without regard to detailing any values of expected
force reductions. Each of these techniques is dependent on the detailed geo-
metry and actual force reduction values can only be obtained by test methods.

One of the most promising potential load alleviation techniques for high aspect
ratio arrays is to have built-in air gaps within the array. Air gaps
consisting of holes, slots, etc., will allow air to flow through the array.

and as such will cause decreased windward pressures as well as less

negative pressures on the base pressure side. The air will move from the

high pressure side through the air gaps to fill the air cavity on the base
pressure side and result in a total force that is reduced from that of an

array with no air gaps. Furthermore, this potential load alleviation tech-
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nique may help to keep the arrays clean because of the turbulence that will

be generated as the air passes through the array. Dust and dirt may be
centinually swirled and have a cleaning effect on the array when there is wind
and/or rain. The shape of the air gaps may also affect the self-cleaning
efficiency of the array. In practice, the photovolitaic arrays will probably
be made up of a number of modules. Air gaps could be installed cn the
perimeter of these modules within the structure supporting the modules.

Another potential load alleviation technique when the arrays are at large
angles of attack is to have one edge of the array positioned bn the ground
to block the flow of air under the array and thus reduce the suction effect
on the base pres,ure side of the array. Unfortunately, this metnod of
positioning thke arrays on the ground will cause dirt to collect cnto the
lower part of the array during winds and rain because of an increased
stagnation area on the windward side. As a result, an alternate technique
would be to position the array off the ground but block the ground clearance
gap around the perimeter of the array field. The advantage of this technique
and of adding build-in air gaps within the arrays will ve evaluated in a
proposed wind tunnel test, the proposed plan of which is detailed in
Appendix B .

A third technique to reduce the aerodynamic loads that does not have the
potential of the preceding techniques but that might be incerporated into
manufacturing techniques with little or no additional cost, is rounding
the edges of the array as much as possible. The more gentle the curvature
of the edges, the less drag that the plate generates. The drag on flat
plates is reduced using this procedure by causing flow separation from the
plate in a much smoother manner. Improving on this condition for the rear
side of the array, further drag reductions could be achieved with the use
of fairings that causes a slower transition ov the flow from an attached
to a separated flow. Caution must be exercised in designing suck a fairing
that an airfoil is not developed that reduces the drag but produces larger
1ift forces.
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6.6 Unsteady Winds and Structural Dynamics Relationsiip

The previous discussions address only winds that are in a steady state condition.
(The previous section, Section 6.4, uses a dynamic factor on the steady state
condition which accounts for turbulence generated by other arrays or fences).

If the winds are gusty and turbulent, the winds have an unsteady component that
should also be considered in the design loads for solar arrays. To accurately
oredict wind loads on an array due to the unsteady wind component is costly, time
consuming, and difficult to obtain. The reascn for the difficult, in predicting
these loads is that the unsteady wind will excite the structural modes of the
array resulting in structural vibrations of the array. These vibrations may
attenuate because of the internal damping in the structure or may build up and
can even destroy the structure for conditions where phasing of the structural
vibrations modes produce a flutter condition. To completely analyze the
structure for unsteady wind loads, a dynamic structural analysis must be per-
formed that considers both the wind properties (wind velocity magnitude and
frequency content) and the array structursl and aerodynamic properties (array
aerodynamic shape and structural vibration mode shapes which is dependent on

the structural mass, stiffness and shape).

In lieu of a actailed structural dynamic analysis, some indication of the
unsteady wind loads can be obtained from basic structural dynamic considerations.
The root mean square (rms) turbulence velocity level and frequency content of
the wind should be obtained at the site where the solar arrays are to be located
since both the wind rms turbulence level and the frequency content is affected
by the local terrain. Once the determination of these wird unsteady parameters
are obtained, the unsteady wind 1sad magnitude can be approximated by scaling
the steady state wind loads by the ratio of the rms turbulence velocity to steady
state wind velocity. This unsteady wind load needs to be combined with the
steady state wind loads for the total wind loads. In addition, the frequency

of the array panels and support structure must be determined and the Towest
frequency should be at least twice the frequency content of the wind turbu-

lence to prevent excitation of the struc’ .ral model vibrations. (This should
also be considered for the turbulence generated be fences and other arrays).
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7.0 PROPOSED WIND DESIGN PRESSURE DISTRIBUTIONS
FOR HiGH ASPECT RATIO ARRAYS

The loads presented in Section 6.0 are useful in the design of the foundation-
and supporting structure. However, to structurally design the photovoitaic
modules and panels for aerodynamic forces, it is necessary to know the aero-
dynamic pressure distribution across the modules and panels. The pressure
coefficient distributions for the windward face and the base pressure face

of the array is presented in Table 7-1 and 7-2, respectively, for various

angles of attack (tilt angles) and array ground clearances. In addition, the
total force coefficient and center of pressure as a function of the chord length
and measured from the leading edge is also presented in the tables for both the

windward and base pressure faces.

An example is presented to show the use of these tables. An array is assumed
at 20°, a slant height (chord) of 2.4 m (8 ft), ground clearance of .25c and

a wind from the rear of 40 meters/sec with a 1/7 law profile. From this data,
the actual ground clearance of the array is:

Z = .25 1(8)

= 4 ft.

The top of the array is at a height of:
H = 4 ft. + 8 sin 20°

= .74 ft.

The cynamic pre:cure at a height of 6.74 ft. and a 40 m/sec wind velocity
at 10 metars szu with a 1/7 power law is calculated as:

.5 (.0023,h){99.5)2

]

q

11.77 psf
Note: the wind velocity at 6.74 ft. is 99.5 fps, assuming standard atmosphere
density at sea level.

The pressures can be calculated along the chord from the table using the
relationship that

P = q CP
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Using a location of .88c for the fraction of the chord in this example
(C, = -.0222), the pressure at this location is:

11.77 x -.0222

o
"

-.261 psf

which is a suction pressure or a pressure vector away from the windward
face. This type of calculation can be performed for all locations on
the length of the chord.

The location of the center of pressure on the windward side is:

X 8 x .3N

2.488 ft. from the leading edge

It should be noted that these calculations are only for the windward side.
The pressures on the base pressure side can be similarly calculated, and
must be algebraically added to the front surface pressures to obtain the
total pressure (assuming the module is a single plate with no cavity).

€0



§49° ots (WA 9y’ oLy’ lev’ z6e’ vze' a9g’ LLE’ 86¢” 91" pA
= TA N 154 629’ 199° 1248 989" 928’ uZ8’ veg’ LG’ LY 91e’ Ny
teonitid sento’t {ees022°% | 0L089%e | gono® 9nt2* | 1g0eg® | 190in® T Ty 1€560° | wetwe™ . s21§5°
fogsst~| ntogate | ntote’s 2eetg e | insg0° e6Ln2t :ZM. 20408 | 20958° | goses’ gsiee’ MNMM”. oteso’
et Ll e \m:..ﬁh _se21t’ 82502 kpnom", -..~Eml Y ¢ | L2eeL® ..o..:”. °w2res” 2onest (Eels’ 08220°
95561? osE e moeon. _2n%iy 76260 N-e:. 610S§9 05908 ° reges . engie’ Stos- tnoep® TITL
1ageg’ esise’ | 190150 | enivel ves09’ £g2i9 of926* | SEpeer | 9P0AL | gione’ tne9e’ 2lele® ot
_$9:28°% | 25’ | 02569 ] 206840 | golisc | _Si9267 | 2ns9e’ | 2v0es rLLet— | -gonzet 6(559" 2894 BGEL®
"gi59 oLvee’ veLiL "2 set2e. nni9e 04996 00868 04896 L2008" 9229 nieft? 06961 "°
agit1y? sege.’ omon-. ;m:. ..Zmo. oZoo” LOLes® 1TV 2a6hs gseSie’ o..m.:.” GEc0L’ I
_ed2LLt ) _set2et_ 111 1ab2s Evﬂ ..m-bP..|lpEbl... _SS160 B4 I 0N -ginget 8059y ellga’ 0Ggn;: "’
eSete’ | S9999' | If9le | £995¢ | eef9s’ vides otgee® | 95084’ | €S€F60 ) sotgel | 22ef:! stin9’ 0sgt2”
Ty 19006° oswve’ tesLe erzes 00000"t{ pi2ae’ Eul 69016 oREte’ £inty’ 1g219° 260f2"°
_Sieeg’ ‘:;pn.l it _| 2svee’ eflen umaobm“i m:mb,n.. _410S6 o2ge8’ -} ognart 92049° 20585° s¢pa0*
12626 T £ noo. n2ves’ 84666 2tz80 L0698 A€52e° ~m°o¢. stioL’ £69¢9°- sLINS* onzae®
"MZ.“ 2106 ivbe! "H"n. M“xo. 1ovve! w«.mwp.qn x“mu. Mmm:.n mu.MMu 296’ | OSESC"
_9%4. LITT-TS -£L198 _91{9te N Q ~ | 28089t st Lnggn’ Jogig!
82260 0S0L6¢ .mooou. o90me | 02500 LY 6p2l9° | of599’! | SESES- | geztnt | o0stn®
““ooo. o [-iieeee unm“n. ._vﬂm". NM:». s1250° mw“wﬁ; M"Muw. MnHMM“ MM»M.“ 122480 | osesn’
- ob»...l Eul uhr.-nl - |- wob,.l -mile’ |. i - os%w efasg 0000s"*
€1988 60sL6Y [IE106" | goesp’ | L9ife; 02099 | o26il® | e@usy® 105€E° | aloes! | s208vi- | grze2t | oco2ms?
sSe96’ ummno. Mnmnm. 1n9teY .mn._v.. mmaa. £S9€L° | senog) "Munur ”:mwv MM"MM. 09152°* | o5gAs’
| 629(¢ — HP..I - N 173 ]} - - L5964 £85469 f0ans iy cee02* 00s29°
cet19s’ {11 sonte’ ..o...o«.hul -o-:“a.l m.omp. IIT) 65480° azmcu ‘220€n® namownr. gosetsi-| 00z99°
19656" ILIT I 6158L° | 96199 f2et0 21120 | goLes’ | e2o2n’ Steds ' | 1wais? agznz’ oLty 0$30L"°
trule® vebte’ §2:5L" | engoe’ 22019 | o5049° | e20€5° | ywnesg? 218287 | -2uregt | 922027 | g2es0° osetL’
76006 “s2ou’ Let0Lt | otesst | twieL 294£97 | pag0s 13341 slegey gres2d | C1f2LE- | -gepgot— | oSo9s’
enoge’ 1604L" 1e109° 900157 22194 02509’ coven’ 126428 Inose 9t(e2* f£tonl 19020° osied’
esesu | wleget | sester | o2ege’ | MROKL | (L89S ) (31207 | ieeR2 nESOwI | g2o22t- | 12wot’ 60810°= | oszoe’
10529° slpoe’ 25£9%° 2tleg? | Lofe9- 690257 2s2i¢ g2sL1’ 1906s sentt® toneo*- | szogot~ | oog2et
2fo0L’ so9¢9* L0108 | zegtg’ 20609 cle%n | glote’ | gq211° v2s82 | ge2tt 30910 Live0°= | o5Eng’
9nog | oeng§: | segles | ozz02t | S09SC | §280E° | Lov22° | 25900 L9vst 19620% | 66690~ | gcgei‘e | oswse’
15¢e9 ¥ { 9g2er’® Lis8e seg2y’ | eee2s eti2g 3113 02460%e | ®2281° 02220°%« | g2gti~ | -rtezpse | ocoOORU™
s2290° 2004n* oleig? sgL0t? 60g16" xmuo.n“ 98591’ 660§0% | wEGEl 06900°= | n5Za0’~ | 3gget® | 05O088°
2s129* ssolp’ | 99192° | 2Teno’ e2Vin® | .odwdd_| Liv’t £L960%= | nLOBO T | g2gwgte L5521°%« | Lew22'e | 0M100*
2oLts® | ¢5u9t! $2602° | 0n0l10%= | 1fs2n® sing2? TITIN vEpElte | 0F€S0 0@1L0°%= | w2¢ntte | cropz®e | c3itel
ef2cs’ toatg’ obest’ 18590°%= | fe995" ngst’ L2eso0’ 9g29] ‘e | f2520° 0000t | 90268°%= | sagp2te | 00228
0Gcop’ | Swpw2l | 02we0’ [ 262w1%« | yle2e’ | 2/0m12 | 96200°%s | gget2’eT| SLE20Tw | -2as2tie | wA9qiie | Logi2' | os2ts’
$2ve8g¥ ) 1RLS1° | 02100°% | 92SE2°e | 0DeSR' | 60SL0 10990 | n90Q2°= | YE990°< | sonsl’e | QtEL2%" | -tezogte | 00gnet
INFUY A i{9190" 96960~ | gd2tfcte | ifvol® ef2007 | 20521~ | 2nlng’e 12208°%= | gesta’= | €9952°= | 19985’ | 00gGs°®
S4E91t | 0€920%= | piof2 e | ObTAbte | 194(0° | Sef0ie | avs) ‘e I'oglgo"s | 952227 | ooxz2'= | ev0lf’s | taves’s | 05598’
61920%« | o2592°~ | veoto¥a | 165590« | Tinoo¥= | o0ol2’s | ‘4itcg%> | 0gongte | [S0287= | tnasEle | 1O7LTe~ | tigorte | -00vie’
£19¢g%= | §9198°% | 12909 | negse’e | SC4L2°= | 9tn0v’e | gntog’s | alql te | 9TiSR%e | Q90Lo'e | 2004v'~ | Lo£ES°c | O0SnRL*®
0950g 1o | 22e2pt o] Kosintial 0CIO9% 1o 9600 | 29140°% | Luofp’e | 10VSETT| UNSEL " | Zogotie | olgLats | (0oiL’= | 00Sss®
ol:TAN o174 o6° 0o osgy 1 TA o9 oo aszt’ a6z’ 28° oo abp3
Buipes
aJue.lesld punoid adueles|) punoio aJueies|) punoiso E—OJ u_J
pioyd jo
(0097 09 (o0} cOF (002} 502 yonoely
(a1Bue 1N)
1833 WOl PUIMm Xoeny
jJo 3jbuy

UOINGLIISIQ 3UBIO1}}90D 8INSSald 308 PIEMPUIM “L-L 9L

61



FAN voL- 9%0"- (4 I LE0™ 1240 \ JA M 860 eomu 7._%
Lo’ 0L° ;1 voe’ 082’ bLE” 80’ 1SE eeY o)
_ eoo0is’~} s21t0’
sxoow® | oll0e’ etevs’ | stoga® | LSeen? 219is® | e29%0°e . o
989%p* sLzte’ n2gne’ 302" -.n:.” 19949° ~:o_n .."::.s Mnmwo.
- 9088t~ | ~twteet—|- 10040’ - | 0§ ea126c ~Aliee | dases, .mw»m,ﬂl f82lis
LIYTEN T TN 826%0° _.:.oo. 26506 ::o. 9.2... eedc? Sertne
ovale’ TYTYM et1,8¢" ~..oo. S9ses . 33.. o-:.. S ees" .
i oo B e el e
95¢ ZLnes it ' . .
og2en’ e2¢5s"” tsL%9 o~$ou :.Ro” 2.3” ozoon ~mo.o. .ww"ﬁh
e | S [ Sheree [t S8 e S|
yoZle 92290 029§ .
bSovg"’ TIYT X f291s° S.:o“ _2:..._ .:no" ~:,:.” pmo..“ .m.“m.
o208tr—| otetot—|- clegn®— | L09 L L1T b _12500° | enfee anoep!.l:. .Bbg~..~q
veL0¢° 2¢eL8° e0anp® n:ﬁ. ofseL _on:. -.noo. HHe ot 92,
19662° 0sg2¢? 9265 " veiee’ tensL. $102¢! 024267 . L
299022 —| veovtet—| fotws® no..bhul PELLYL ha 989U nno-mo- Ee.oob..ulo -oﬁemn.-.,
wlest® (LIT I atce2’ stigs 1g0te vosoL, €0 HH N H
ef2tt® tnoet® 9c2zs2’ momoa“ o:.-m. 3.?. (114 .. o . 4]
- 966904—-| €Qofti—| -25902°'- _nSn.l _nedt _19698° ao_mnnE.. — (45448 E..Smm.
t2et0* »29090"* 16591 ° :_.oun. on:-. ..~noo. (Y3 . Tede’ Seeges
Y 1 { AL :.o.:.“ o-:n nu“am. uu”.uwm,ul “Mm.mm.. ”m“.mm,n.l i . astes
L92%20%=—] nueoot=| 9t120°— | 801 - - R . ‘
1151 ¢ Si290%e | 0D%020° -_.u:u.,l YHIN m.oz.w.l ssztot wupuu. 2:“...
i | Siester | Seveens | sopsacs | facte: e | dhn oo | st
18282 09e%it~| -9aptote ]| 00060 © | -_ ‘ .
woiaz= | 26502°= | tQit1’s ;go_n..l 2 2¢00 o 3.3—“. .sm:” mu~mmu um...u».
GuECE®e | LEn02®s | Qg 01’ S..-.- "wsos o tegel e | ongeo’ mmnmr. R
Tevtres | szeqete | fiienee 1..-: : :»mw»wq.l \«m"qmnn- L"M““".h; -n":ml J0g2e’
Gogn’e | n2L€C e | LL1€2% | < . . - . .
?o:.. 1264€%« | ulp@2°es “:3”. "muuw”. :..o."- ..M.Mnmm". ;“.:2.".-. mquu"“. 0sEve’
-2av2ete. | inttete- | (So9gte | 12059°~ . c | ofogg’~ 6Ll hmnubu
Fﬂdtanl .Fﬁ.mo‘ SLOND e [ Y5 T4 ) Oﬂﬂ'm”l 92€tp Y e u.un'-. .Nu'mol ﬂn."ﬂuu “0“"".
21169°« | 262€5°%~ mm.oa“. :..:“- cmnuw.- 0.3.". .:-:.... st.nn.u 200 n.. soee
£569°s | oott8 =1 10¢opte- ] LORRR"S | € il s TS CT MY S LI M AN TY 1) 252468 bb:p_
u«mﬁ.m 10545°% | 111on’e | 06900°%« :nin- 80215%« | n2041 1] LOTL = o:..-.n ou.w..
2055L°~ | 22000°%« | [0,00%= | 025C0°" vOSVL o | 120080 :nﬁ._. --:.. nnnnn.. .mu~ .,
—gvee | 1terete| epgogta-| 9AL20%1e | 610629~ | 1122q%« | 8¢ o] 69086 o .M»»w.nﬂl Sm.m?.
0€2r9®~ | 26969°« | 2/9ng'e |sEvEit1e oonmo.- ¢tinol’= ~o~oo._o 1.»:._- dm u.- 4348
sEne@’s | 000w le | 22795°%- oooﬁu.- ££610°1e | aipost- Smﬁ.? :m:.,o % uoo. . .
~otoset=-| Lyttt | LOnN9’e hmnpnﬂ_h qun_lu n.noomun £ =l p0SSY _u ~nu“~-m “o, .bomon-np:.
20060°tc| S0506°%= | an22¢ %~ 9509 %10 | €02€C 1o 5L950%1e saige2e veori] o] Sonie,
£9c52°1e| 2219010 ] £65ga%= 21610 1o | 65965 10| 9210z 1) @vef0 5n| 622061020 v2004. : s’
westet o] eoetutre| crantte 009020 | LL002 20 | veosu 1] 02150 ve | p25RR g |HORSL 22| 00566
e 1-vA N ol°7A fo1°3 o' 4N 062’ ol*} a5z o 744 o5 m.ww%nmu._
OOCQ‘EW_U «ucacuo scmh&w_o U:DO;O &OCQumv_Q punnig U&.“meo
(,0r) oOPlL {o09) 02t uoIoeL 4
o021 o081 e ° {atbue 3n)
1401} WOL PUIPA »euy
40 8|buyy

pPapNIauoy) - VONNGIISIQ 1UaIIl§}300 31NSSald 3084 PIemMPUim |-/ 3|qe]

62



Table 7.2 Flat Plate Aerodynamic Base Pressure Coefficients

in Close Ground Proximity
Wind from rear

Tilt angle 20° a0° 60°
Angle of attack 20° 40° 60°
Ground clearance o | 5C |.25C [.i25C| oo | .5C | .25C [125C| oo | .5C |.25C [.1256C
Base pressure CN -.65|-.62}-67-71|-10]|-.85|-.86 |-.89]-1.421-1,30{-1.34|-1.37
face i

Xw 5 5

Wind from the front
q

Tilt angle 60° a0° 20°
Angle of attack 120° 140° 160°
Ground clearance 5C |.25C{.125C| .8C [.25C[.125C] .5C |.25C|.125C
Base pressure CN - 1.30]-1.34}-1.47| -85 | -.86 |-.89 |-.62 [~.67 | -.71
face

xcp 5 5
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8.0 WIND TUNNEL TEST PLAN

Theoretical analysis techniques of boundary layer air flow over b’uf. bodies
can at best analyze only very simple bodies and 1imited buundary conditions
and must usually be supplemented with wind tunnel test results. The potential
flow region (@ = 10° - 15° for AR =) where the flow remains attached to the
airfoil is fairly well studied and the theoretical resuits in thi< region
match test results fairly well. Once the flow becomes separated, matck.-

ing of the analytical results of simple airfoils and bourdary conditions to
test results is difficuit. The matching of the results in this study for
single flat plates at large angles of attack to the wind tunnel results are
considered excellent for this type of flow even though the theoretically
calculated base pressures appear to be overpredicted by approximately 30%.
However, a theoretical analysis ¢f ‘'e flow with arrays in the wake of othe-
arrays is presently unattainable.

As a result of this theoretical study, a wina tunnel test plan was developed
(the detailed test specifications are presented in Appendix B). This test
plan 15 arranged to validate the theoretical results and obtain

results for conditions not suitable for theoretical analysis. The test plan
is intended to confirm that for large aspect ratio arrays, the aerodynamic
force coefficients on arrays from studies withk constant velocity profiles
and 1/7 power law velocity profiles are essentially identical for arrays
with chords of 2.4 m (8 ft) or greater. If this is confirmed, tests could
be performed at most wind tunnel facilities rather than at those few facili-
ties that have environmental wind tunnels. The test plan is aiso intended
to confirm that aerody.amic .o0ads are only affected in a -econdary way from
the ground clearance gap for gaps not approaching zero. Other parameters
varied in the tent pilan for conditions not suitable for theoretical analysis
are corner effects from yawed wind, array spacin,, fence to array spacings
and fance height to array height. Other potential lcad alleviation devices
vill be tested to determine their effectiveness in reducing the aerodynamic
forces. These devices will consist of air gaps built into the arrays and
the blockage of air flow beneath the arrays.



From the proposed wind tunnel test plan rusults and the analytical results
from this study, a detailed set of design aerodynamic force and pressure
lozds will be presented for detailed module and panel structural design as
well as array structural support design. The detailed set of design aero-
dynamic force and pressure loads wili encompass most design conditions for
an array field.
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9.0 CONCLUSIONS AND RECOMMENDATIONS

A number of conclusions can ba derived by examining the amalytical results in
Sections 5.0 through 7.0 and from the results reviawed in the literature and
discussed in Section 4.0. Important conclusions regarding the wind aerodynamic
loads on photovoltaic arrays cre: '

@ Minds perpendicular to the array's long horizontal axis produce the
largest aerodynamic loads on the structure;

® Winds from the sideways directions to the arrays produce insignificant
aerodynamic loads resulting only from the skin friction;

e  Aerodynamic loads increase as array tilt angles increase and are
a maximum at @ tilt angle of 90°;

®  Aerodynamic loads increase with decreasing ground clearance;

[ A-rays positioned in the wake of other arrays or behind fences
will experience a reduction in aerodynamic loads.

Nind aerodynamic loads peak at two tilt angles for high aspect ratiy arrays
(10°-15° and 90°). The wind loads can be the highest depending or configura-
tion at tilt angles of 10°-15° for the wind from the front or the rear.

Below 10°-15°, the arrays act as an efficient airfoil and can generate
significant 1ift forces. Above 20°, the arrays are bluff bodies resulting

in separated flow and high drag forces with the aerodynamic force being a
maximum at array tilt angies of 90°. Fortunately, in the continental U.S.A.,
fixed arrays wiil never be at tiit angles of 10°-15° or 90°. Consequently,
the angles of attack of highest aerodynamic forces can be avoided. For the
practical range of array tiit a.gles (20°-60°), the wind loads increase as
tilt angle increases.

The effect of ground clearance greater than zero causes wind load coefficients
to increase with decreasing clearance. This is offset by the wind dynamic
pressure that decreases with decreasing elevation above the ground suck that

the effect of ground clearance on wind load increases only slightly for
decreasing ground cl arance. This trend is only true for tilt angles between
20° and 90°. Between 0-15°, wind loads increase significantly with decreasing
ground clearance for ground clearances greater than zero. for a ground
clearance of zero where the wind cannot flow under the array, the resulting wind
loads are less than for arrays with ground clearances.
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Array spacing has minimal effect on wind loads provided the arrays are
not in the wake of another. For arrays in the wake of other arrays, the
array sracing effect can only be estimated. The wind loads are esti-
mated to decrease with decreasing array spacing to a minimum value of 40
percent of the array wind loads out of the wake effect.

Fences can significantly reduce the wind aerodynamic loads on arvays by

as much as 60 percent. Fence heights greater than the array heights

oroduce no significant benefits in increased load reductions than for a fence as
high as the arrays. Based on Raine's results, a fence of 20% geometric porosity
appears to produce the highest overall wind aerodynamic load reduction

on the arrays when considering both steady and unsteady wind effects.

Because of unsteady wind loads, the array natural frequencies must be
significantly higher than the frequency content of the turbulence. This
is requireu to minimize wind loads and structural response that may occur
from structural dynamics. If the frequencies of the array and turbulerce
are similar, large structure response may occur and needs to be calcu-
lated using structural dynamic technigues that are structurai config-
uration dependent, both in shape and physical properties.

The theoretically derived design wind aerodynamic forces and pressures
can be used for design purposes since they are conservative. A wind
tunnel test plan is proposed that will augment the theoretically derived
forces by developing design wind aerodynamic forces and pressures that
currently cannot be analyzed theoretically. The test program will also
investigate and appraise load alleviation devices such as building
poerosity into the array. It is recommended that the proposed test plan
be implemented in order to remove some of the conservatism from the
analytical design forces and also include forces from load alleviation
devices for design purposes.
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10.0 NEW TECHNOLOGY

No reportable items of new technology have heen identified by Boeing during
the contract of this work.
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APPENDIX A

THEORETICAL AERODYNAMIC ANALYSIS OF
FLAT PLATE ARRAYS IN THE
SEPARATED AND POTENTIAL FLOW REGIME

Section 5.0 presents a brief description and discussion of the theoretical
results. For completeness, this section presents in detail the theoretical

aerodynamic results calculated by both potential flow and separatea ficw
analysis theories.

A.1l. Small Angles of Attack - Attached Flow

When flat plates are positioned at small angies of attack (angles less
than 10°) to the freestream velocity, potential flow theory aerodynamic
methods are valid. One such method extensively used in the aircraft in-
dustry is the Doublet Lattice Aerodynamic Program (a three dimensional
finite element concept method that evaluates the integral equations re-
lating pressure and normal wash on 1ifting surfaces) described in refer-
ence 31. Briefly, the 1ifting surface (plate) is paneled into a large
number of quadilateral boxes of which two sides are parallel to the
freestream direction. Doublets are located along the quarter cherd of
each box and used to calculate the aerodynamic pressures over the total
plate surface. The aerodynamic pressures ave assumed constant over each
box and acting at the geometric center of the box.

Potential flow theories use a Tinear relationship between pressures and
ncrmal wash. Consequently, the Doublet Lattice Program can be exercised
using a unit angle of attack and a unit dynamic pressure so that the
prassures calculated over the surface are, in fact, pressure coefficients
per unit angle of attack.

Y . vy Aty RN r'.;
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From these pressure coefficients per unit angle, pressures can be readily
calculated for any condrtion using the relationship that:
p=q C:‘xﬁ

where:

p = pressure
q = dynamic pressure
Cp¢= pressure coefficient
« = angle of attack (radians)
in addition, because the program calculates pressure coefficients on boxes
that are located on chordwise strips with the box boundaries parallel to
the freestream velocity,normal force curve slope coefficients can be obtained
for each chordwise strip or for the total surface hy the equations:

c. = c
SIEYAL

d ¢, =1 J/b
an fe v Jva

respectively,
where:
Cn“= normal force curve slope coefficient

€ = chord length

S = surface area
Using this relationship with the actual envircnmental conditions for dyna-
mic pressure and the angle of attack. The normal force coefficient and to-
tal normal force on the plate surface can be calculated by:

F, =a5$ Ch =&

n
=q$S Cn
where:
Cn = normal force coefficient for the total surface
Fn = total normal force on the surface

[t should be noted that using the preceding equations the pressures and the
normal force can be calculated for any angle of attack because the theory is
a linear idealization. However, since flow separation begins tc occur bet-
ween 10° and 15° angle of attack on large aspect ratio flat plates, the pres-
sures and normal force cilculations using these equations are only valid up
to an angle of attack where separatfon bezgins. Above these angles the pres-
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sures and normal forces are non-linear with respect to anglie of attack
and potential flow theory analyses are not valid.

rigure A--1 shows the paneling scheme modeled in the Doublet Lattice Pro-
gram and the spanwise locations where results are displayed for che

24 m (8 ft) and 4.8 m (16 ft) chord flat plate arrays. Because =ch

box is a constant pressure box in this technique, the density of the

boxes should be more dense near the leading edge where the pressures vary
rapidly if the pressure distribution in this region needs to be defined
reasonably accurately.

C=24m (8 ft) and 4.83m (18 f1)
B =span*

*For program conveniencs, 8 = 38m (120 &}

Figure A--1. Flat Plate Paneling Used in Doublet Lattics Program
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A1 Single Array, Head-On Wind

Figures A -2 to A-7 presents the results for a single array at various
heights above the ground ana for a head-on wind (a wind at 180% wil pro-
duce identical results). Figures A -2 and A -3 shows the pressure coeffi-
cients along the chord at three spanwise stations: one station at the mid
span 1-cation and two stations near the tip for chord lengths of 2.5 m
(8 ft) and 4.8 m (16 ft) respectively. From these figures, the pressure
coefficients are seen to vary from a large pressure on the leading edge to
lower pressures towards the trailing edge. The center of pressure is lo-
cated at the quarter chord location. The shape of the pressures at all
three stations are similar with only the magnitude of the pressures de-
creasing towards the tip load stations compared to the mid span load sta-
tion. These pressure coefficient distributions are typical for any high
aspect ratio lifting surface before the onset of separatec flow. rigures
A -4 and A -5 depict the normal force slope coefficient at the three span-
wise stations as it varies with ground clearance. Figures A -6 and A-7 are
crossplots of Figures A -4 and A -5 and show the normal force slope céefficient
along the span for ground clearances of .6 m (2 ft) and 1.2 m (4 ft) for the
" 2.4 m (8 ft) chord plate and 1.2 m (4 ft) for the 4.8 m (16 ft) chord plate.
The theory will produce results for ground clearance vary close to the ground
but the results begin to become questionable. This is because the theory is
based on inviscid (frictionless) flow and the viscous flow effects become
more important when the ground clearance becomes small. The level where the
confidence in the results deteriorates is below the non-dimensional value of
ground clearance/chord length (Z/C) = .25 that corresponds to the plate
ground clearance of .6 m (2 ft) and 1.2 m (4 ft) for the 2.4 m (8 ft) and
4.8 m (16 ft) chords, respectively.

A .1.2 Single Array, Wind at Oblique Angles
When the wind comes at an oblique angle different than head-on to the

array (effectively, the array is yawed to the wind), the aerodynamic pres-
sures will decrease. Figures A-8 and A -g present the results for a
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Chazdd = 2.4m (8 f)
Wind @ 9°, 1800

Z=.6m(2f) Z=1.2m (4 f1)

1/rad

R o 3 3
% Chord/100 % Chord/100

Figure A.-2 Chordwiss Pressure Coefficient Distribution at Small Angles of Attack

Chord = 4.8m (16 ft)
Wind © 0%, 180°
2=12m (4t

15
7n = 5 {mid span)
Cp /
a n =.0625
10
1/rad . =.0126

0 2 4 .6 .8 1.0
% Chord/100

Figure A-3. Chordwise Pressure Coefficient Distribution at Small Angles of Attack
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Chaeu = 2.4m (8 ft)

12¢ Wind © 0°, 180°
Angle of attack >10°
10}k /—n = 5 (mid span)
8t

2t =.0128
0 L L ] i
0 8 1.2 1.8 24
Z~m
i { H H 1
0 2 4 6 8
2~ft

Figure A-4, Effect of Ground Clesrance on Normal Force Slape Coefficient

Chord =~ 4.8m {18 ft)
Wind @ 0°, 180°
Angle of attsck < 10°

10~
/~ n = .5 (mid span)
8k
8r n = .0628%
Cng /
1/rad 4 . v
/-ﬂ'.0125
.\N—...g
2k
0 i - 4
1] 1.2 Z~m 24 6
! 1 i J
4 Z~tf 8 12

Figure A -5, Effect of Ground Clearance on Normal Force Slope Coefficient
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Chord =» 2.4 m (8 ‘)
Wind @ 0%, 180°
8r 8¢
6 el
Chg Z=.6m(2f) ey
(-4
1/rza R
4 rad 4 Z=1.2m {4 ft)
2 2k
0 | 1 0 . . :
5 4 3 2 .1 4] .5 4 3 2 A Q
n~ % span/100 1, % span/100

Figure A-6. Spanwise Force Slope Coefficient Distribution for a Flat Plate

ar Small Angles of Attack
10 i
Chord = 4.8m {18 ft)
Wind @ 0°,180°
8t
6l-
CNu Z=1.2m (4 ft)
1/rad
A
2 -
0 1 o — 1
5 4 I | 2 .1 0
n~ % span/100

Figure A-7. Spanwisa Force Slope Coefficient Distribution for a Flat Plste
at Small Angles of Attack
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sinqle array with the array yawed ut 45° to the wind (1352 wind angle will
produce identical resul*s). Figure P -8 is a plot of the normal force
slope coefficient along the span with the array yawed at 45° to the wind
compared to the results for a head-on wind. The nagnitude of the results
for the yawed array are significantly lower. However, the snape of the
force slope coefficient with the wind at 45 degrees is similar but slight-
1y displaced compared to the head-on results. The peak loading and pres-
sures occur slight.y cownwind ¢f the mid span location. Figure A -9 shows
the pressure coefficient along the chord for three spanwise statiuns, one
station near each tip and one station at the span location of maximum pres-
sure. The shape of the pressure distribution °s typical of flat plates at
small angles of attack: large leading ecdge pressures decreasing towards the
trailing edge and the center c. oressure at the quarter chord location.

The condition of an array yawed 9% te the wind was not analyzed because no
aerodynamic forces result from this ccrd.tion except tor t.e forces resclt-
ing from skin drag. Skin drag ic of many orders s—aller than the 1ift for-
cas generated by a plat aven at very small angles of attack for a head-on
wind.

A.1.3 Array Fields

When two arrays are placed in clgse proximity to each other, the downwash
from the foruard array will cause the pressure on the downstream array to
decrease. Alss, the downstream array will cause an induced pressure rise
on the upstream array. Figures A-10 to A -17 presents the results for two
arrays positioned in clcse proximity to each otker and with the winu di-
rection as head-on. Fignres A-10 to A-13are for 2.4 m (& ft) cherd arrays
and rigures A-14 Lo A-i7are for 4.8 m (16 ft) coord arrays. Figure A-30
shows the effect that ground clearance has on the arcray aerodyramics. The
“csults are very similar to the results for a single array with the aero-
dyna.rics forces increasing with decreasing grour.. clear?nce. The effect of
varying the distances be - - the arrays s shown in Figure A-11. If the
arrays are snaced at intervals grea‘er wpan three times the chord (3C), the
efrect of one ariay on :he cther 1s 7 . imal and virfes very little. With
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Wind @ 0°—
‘ - M = 2."‘ (' m
Zot2m (@t
.1
I 7
Wind @460/
Cne 4T
A/rad \
s \
2 -
‘ -
o P J J i S ] § W 1 1 b
1] 1 2 3 4 5 K- 7 8 9 .0
n--% spz /100
Figure A-8. Efact of Yawed Wind on Sosnwise Force Sicoe Coefficient Distridution
for a Fiat Prate
20 -
15+
CpG
Virsa O

% Chord /100

Figure A .9, Fist Plare Chordwise rressure Distribucion for Yawed Wind
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Muttiphe srrays
Chord = 2.4m (8 1) Lagend
Wind @ 0°, 180° Froat sy ———

10
8.
er
V/rad
‘-
2.
j - I 3 3 ) A 2 . |
Q ] 1.2 1.8 24 0 8 1.2 1.8 24
m Zm
| 1 I - [ S— e 2 1 - §
e 2 4 6 8 0 2 4 6 8
b & K

Figure A -10. Effect of Ground Clearsnce on Normal Force Curve Siope Coefficients

Multiple ssreys
Chord = 2.4m (8 tt) Legend
Wind @ 0°, 180° FrOnt STSY cmmme

12 Z=.6m(21) Rt a7y —cmww

ne._5 {mid span) ' .
.-
w0} <« 10,

o x Z=1.2m(4 1)

. Al 7= Slmid s
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¢ \ x Lo x
Ne \ 0625 e
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s o .
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ez
2L —mm—b—— Lol T Y R e . ‘,. ’’’’’ -
{ [t i A . ) Lq,‘i.. A — . J
obiie—s 3 N 8 0~As 2 3 ) 5
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Figure A -11. Effect of Arcay Separstion on Normal roree Curve Slop e Coetficients
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arrays spaced at closer intervals than three chords, the effect of one
array on the other becomes more pronounced. The upstre2am array aero-
dynamic forces increase while the downstream array forces decrease with
decreasing array spacings. As the spacing between arrays become very

close (less than .5C) the flow affected by the gap causes potential flow
theory to be questionable to its validity for solar array configurations.
The theory is valid when the ieading edge of the downstream array and

the trailing edge of the upstream array are at the same height. In the
theory, when the plates become close the trailing edge vortex of the up-
wind plate signif:cantly affects the pressures on the downwind plate and
vice versa. This effect would be significantly reduced for solar arrays
bacause the leading edge of the arrays are at different heights than the
trailing edges with the difFerence depending on the tilt angle of the arrays
and the chord length. Conssjquently, no resuits are shown for arrays spaced
at intervals closer than 1.5C (.5C separation distance between arrays).

The norms! force sloo. distribution along the array span and the pressure
coefficient disuribution a?ing the chord are presented in Figures A -12 and
A-13, respectively. These results are as expected and typical of flat
plates at small angles of attack and arc very similar to the results for

@ single array. The center of pressur2 for Figure A-13is located at the
quarter chord (C/4) measured from the plate leading edge which is also typi-
cal of flat plates in potential flow. The d!.cussion for Figures A -10to
A-13 on the 2.4 m (8 ft) arrays is also valid for the corresponding Figures
A-14to A-170n the 4.8 m (16 ft) chord arrays.

Because the results for two arriys are similar to the results for a single
array, no analysis was performe¢ fo.- the effect on the aerodynamic forces
of array fields yawec to the vind. inhe results for the yawed arrays would
produce pressures and forces of lesser magnitude than a head-on wind con-
dition and as such would not be a design condition.
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Muitiple arrays
Chord = 2.4m (8 ft)
Z=.6m(2fY)

10 1
o 8
8
Cng % Cn,

4
2t 2

1 L 1 3 — 0 i 1 L . []

S5 4 3 2 ) 0 5 4 3 2 R 0

n. % span /100 n, % span/100

Figure A-12. Effsct of Array Separation or: Spanwise Normel Force Curve Slope Coefficients

Layand
Chord =24 m (8 ft) Front array e
Rear array  ~==e-
%0l 251
; Z=.5m{2ft) Z2=21.2m (4 ft)
' X=2C X=4C
20k
181
c n=_5 (mid span)
Pa
10+
1/ad
0 1

2 4 6 8 s 2 4 6 8 10
% chord /100 % chord/100

Figure A-13. Chordwise Prassure Distribution for Multiple Flat Plate Arrays
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Figure A-14. Effect of Grounc Clesrance on Normal Farce Curve Slope Coefficients

Muitpile arrays
Chord = 4.8m (16 ft)
Wind @ 0°,180°
Z2=1.2m (4 1)

Lagend
= Frosit array
12r === Raar array

e Single array
o K
\

8t ~ \n'.S(mzdspan)

CNa
1frad \ .
4} /‘>—-n-.0625
/
il N
2+ B-n-.mzs
o & A L
()LIL 2 3 4 5 6

X, chards

Figure A -15. Effect of Array Separation on Normal Force Curve Slope Coefficients

87



Muitiple arrays

Chard = 4.8m (18 f1)
Z2=1.2m(4ft)
" 14y
Front ammey Rear aray
12 12}
X=2C
103 X=6C
Crce
8
T/rad
6}
4}
2
G i { Y 1 3 o 1 1 i b ]
< 4 3 2 A | o 5 o .3 2 1 0
n~ % Span/100 n~ % Span/100

Figure A '8, Effect of Array Separstion on Spanwise Normal Force Curve Siope Coeeficients

Chord = 4.8m (18 {)
Z=12m (411
X=2C

Lagend

v Front array
=== Raar array

X Chord /100

~e

Yooty ke Fressure Distribution for M 'tiple Flat Plate Arrays
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A.2 Large Angles of Attack - Separated Flow

Bevond angles of attack of 15° 1linear attached flow theory analysis must

be replaced with separated flow theory techniques to predict the wind aero-
dynamic forces. A prototype program has been developed by the Boeing Com-
mercial Airplane Company fcr use in computing the 1ift of two-dimensional
multi-element airfoils in incompressible flow32. The procedure employs
repeated application of a panel method to solve for the separated wake ais-
placement surface using entirely inviscid boundary conditions. This pro-
cgdu}e allows for the calculation of 1ift on an airfoil (flat plate) ror

any angle uf attack. Ground .‘fects can be included in the analysis by
applying appropriate boundary conditions; the ground plane is mudeled by a
string of doublets that allow no flow through the string. Conditions that
this analysis presently cannot solve is for lifting surfaces in contact

with the ground or when one lifting surface is immersed in the wake of other
surfaces. This precludes the analysis of an array field with arrays spaced
sufficiently close such that downstream arrays are in the wake of the up-
stream arrays. Because this analysis technique is time consuming and costly
to cxercise, the angles of attack selected for analysis were limited to

20%, 40°, 60°, 120°, 140°, and 160° and with only a head-on wind direction.

The procedure employed in using this analysis technique to obtain aerody-
namic forces on flat plates at large angles of attack was to:

e analyze the flow outside of the ground plane.

e compare the resuits with existing published experimental results in
the literature for identical conditions.

e obtain a correction factor for the theoretical results by comparing
them to the publish~4 - Derimental resuvits.

e analyze theore:ically .ne plate aerodynamic forces at large angles
and in close proximity to the ground and apply correction factors
if deemed necessary.
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A .2.1 Single Array in Free Air

Figure A -18depicts a flat plzte positioned at thres different angles of
attack to the freestream wind velocity anmt outside of any ground effects.
The separated flow program calculated the boundary of the wake and the
velocity on the wake boundary relative to the freestream velocity. The
pressuras on the front (windward) and rear (base pressure) surfaces for

the corresponding angles of attack are shown in Figure A-19. The pressures
are integrated over the chord to produce normal force coefficients for the
front and rear surfaces and the location of the center of pressure measured
from the leading edte. This data is tabulated and presented in Table A-1.
Using the geometric relationship between 1ift, drag and noraal force as:

CL = CN cos ¢
CD = CN Si"a
where
CL = 1ift coefficient

™
H

D drag coefficient

the 1ift and drag coefficients were calculated including the potential flow
results from 0° to 10° and compared to the results published by Modi25 and
shown in Figure A-20. The theoretical results calculated using the separated
flow program were approximately 30% higher than those published by Modi.
Examining the pressure distributions in Figure A-19, the windward pressures
appeared reasocnable with a stagnation point (Cp = 1.0) lying between the mid
chord and leading edge position. These pressures also compare favorably

with those presented by Sachs in a text on wind forces33. By examination

and comparison to the results presented by Sachs, the base pressures were
suspected as being overpredicted. Consequently, the base pressure was ad-
Justed at the angle of attack of 60° to match the base pressures published

by Modizs. This adjustment ratio of .73 was then used to adjust the cal-
culated base pressures for the other angles of attack. With the base pres-
sures modified, the 1ift and drag forces match tnose published by Modi quite
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Figure A-18. Wake Definition and Velocity on Wake 3oundaries
for Fiat Plates at Large Angles of Attack in Free Air
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Figure A-19. Theoretical Separated Flow Analysis Pressure Distribution an Two-Dimensiona!
Flat Plates in Free Air
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well, being slightly higher; when extrapolated to 90°, the predicted drag
coefficient is at the upper range of the drag coefficients published in
the literature and also shown in Figure A -20. The comparison obtained
between Modi's results, other results in the literature and the separated
flow program results was considered excellent. Based on these results, the
separated flow analysis program was used to predict aerodynamic forces for

flat plates located at close proximity to the ground and at large angles of
attack.

or 151
Sap. flow program Literature ,
25{ N\, Co renge
‘ @ N
Separated l"“j .
flow program R e
20} (modified 1.0
Co base prassures) /,- C,

/ i~
.
1.5¢ Ry
.

0
4,

1.04- \~M0m B

4 (experimental)

Bl-
= 1 L 1 A d 1 L
) 20 40 60 80 90 40 60 80 90
a ~ degrees a ~ drgrees

Figure A -20. Theoretical - Experimental Aerodynamic Force Comparisan
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A .2.2 Single Array in Ground Proximity

The ground clearance between the flat plate array and the ground was de-

fined as a function of the plate chord. Figure A-21 pictures the wake boun-
dary for the conditions of @ = 20° and 160° and a ground clearance of .125C.

Of interest in Figure A-21is that the w2ke for a = 160° 1s sucked down towards
the ground and flows parallel to the ground until it is past the pl.te. An
analogous phenomenor happens in nature when wind flows through a gorge that
cpens up to a valley with hills on one side. The wind tends to be sucked to
the hills and flow parallel to the hills. This phenomenon (the Coanda effect)
is reported in papers in meteorol yy Journals34. The pressure distribution for
the conditions shown in Figure A-21 and also the other four angles calculated
(80°, 60°, 120°, and 130°) sre shown in Figure A-22. The normal force coef-
ficients and the center of pressure locations for the six angles of attack (20°,
40°, 60°, 120°, 140° and 160%) and the three ground clearances (.125C, .25C,

and .50C) are tabulated in Table A-2- The wake boundaries and velocities on
the wake for the toree ground clearances and for three angles of attack

(20°, 40° and 60°) are shown in Figure A -23.

The base pressures on the plate for the above condi.ions are overpredicted
as they were for the frer air condition. For angles of attack less than
90° it is reasonable to believe that the base pressures are overpredicted

dincton . T e e

Z=.125C
TTITT I T AT 7 T 77 7 77 77 7 77777777777

PR
-

‘TIIIFIT’Il/ll/Tflfff///’IfITl7r

Figure A-21. Wake Boundary of Separated Flow Analysis

94



3T
x/c
5
&y~ .3
1.0
a=20°

cp-wwmuammmm

= 125C
"\s d

i

»
-h
.
R
L

o~ 67

a=80°

.
)
[-)
L A |

1.0

Cp s 01
1.0
a= 160°

Figure A4-22 Effect of Angle of Attack >n T'wo-Dimensional Theoretical Plate
Pressure Distribution in Close Ground Proximity



DR AQ UMOUS S10) 1O €1 PEIRLIOD S1ISIOY) )00
PISEN] (SONOINNT IND PONIY BEL° = SNINY VORI, ,

ofipo Duppreny seid wingy
POIMBIN [HOND J0 WNHII) 58 PO wEeUs smItoN) (0 seiie),

o Jor (o Joo Joc | ¢ Joas Javs Jees Jeow Joet Jecs Joo [ o Jaot Joc Jor Jop [N tuermsecs tusg
e Jee-{oo- Jeo | o Jeo- {eo [oe e feo Jeo 2o [era ous Lazs o [sut] ozt | %0 wopmmeoo
oc |oe o oo Joe foe [ Jor [ Tor fio [eo [or [ov Jor Joo for [0 [ T
e | et [2e Jees Jova Jwos |vers Joce feme [cor [oot Jooz Jove | oas [cos | vos [o11] ve N peroenas oy
to e Jie Jow Jou Joo foct-Joea-JectJocu fves Jecs [ou [ oo Joo oo | a0 | 10 1..No ssnmsent oreq porsessery
o Jovlov [ow oo JorJor Jor Jou Jor foo Juia Jor [av Joo Jor Jor | o [0y
pray
wajers eee [0z Joor | zct|ove fore Joca {ove Jevc |voe foes | oot oot [ ezt | ore] oo [™
v s B v |k
st
wevler [oee e [we{aiclooe [ ac [ornees {eov Jaws-[maf e iev]oe | o] o {™ oo e
o-oc-Jeos]or [co-Jarfoe Jor Jor [ev oo ]oo Joe v o [oe | ie] Py
et St e N e a3F) PrRMOLM
elvfwlaele]lclw jnfwwiolw]w|lolonlw]onl o ol
99 |aee [osz1 | 99 [ose bezi | ae |ose Tasey | o0 |ose oser') o9 [ ose Joser’] 297 Wam,.ruz. enmmo punatg
PO R U P (RO PPN PR — B e S PP
1l Y] SOt o N e ) W jo sy

ANW)X01g PUNOIE) B50)) U SIUBIOIJ}607 INUBUAPOISY 818/ 384 -V 8/qe

36
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Figure A-23 Wake Definition una Velocity on Wake Boundasries {5r Flat Plates
in Close Ground Proximity and at Laroe Angles of Attack
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by the same amount as those in free air. ror ancles of attack greater than
90°. the base pressures are greatly overpredicted and are considered invalid.
These overprediction of the base pressures is believed to be caused by the
use of inviscid flow Zechniques w ich result in larger flow velocities over
the edges, and larger suction forces than for viscous flow, especially for
angles greater than 90°. With angles greater than 90°, more volume of air
splits ir front of the plate and passes through the ground clearance gap than
would occur if the flow was viscous. For this volume of air to pass through
the ground clearance gap it must increase significantly in velocity. This
increased velocity causes larger suction forces to be developed on the base
pressure side than would occur if the flow was viscous. It is expected that
the hase pressures for a and 180° - & would be very similar in magnitude,
baseu on the results presented by Sakamota'? (Figure A -24). Sakamota per-
formed a wind tunnel study of a flat plate in contact with the ground and for
angles of attack of 30°, 60°, 90°, 120°, and 150°. Comparing his results
shown in Figure A-24 for ¢ and 180° - a , the base pressures are equal or
slightly higher in magnitude for a compared to 180° - @ . Thus, if the
base pressures calculated by the separated fiow analysis program for a are
used in place of the results for 180° - a , the resyits would be fairly ac-
curate and conservative. Tabie A-2 shows the base pressures with this cerrec-
tion and with the correction factor determined from the free air analysis as
well as the uncorrected results.

Another noteworthy result that can be seen from Table A-2and Figure A-22 is
that the plate windward side pressures and normal force coefficients increase
as tue angle of attack approaches 90°. In addition, the total normal force
coefficient on the plats also increases as the ground clearance decreases.
This will approach a maximum prior to a jround clearance of zers. As stated
in a text book33 on wind forces and also demonstrated by comparing

Figures A -24 and A-22, the normal force coeficient for the condition

where one edge of the plate is in contact with the ground is less than

when off of the ground. This is because cf the suction effect of the

flow passing over each edge. If one edge is in contact with the ground,

no flow and thus no suction is effected at this edge and so the base pres-
sures are a minimum for these conditions. Again examining Figure A-22,

the center of pressure for the base pressures are always at the mid chord
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location while the center of pressure on the windward side moves in the
direction from the leading edge to the mid chord as the angle of attacks
approaches 90°. The center of pressure locations are also tabulated in
Table A -2.
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Figure A-24. Experimental Normalized Pressure Distribution for a Two-Dimensional
Plate in Contact with the Ground
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A .2.3 Array Fields

Only a few conditions were studied to evaluate the effect of one array on
another because the analysis program was incapable of analyzing the flow when
one array was in the wake of another. From the separated flow analysis, im-
mersion in the wake of the upwind array occurs when spacing/chord ratios are
less than 3C for @ = 20° and 5C for G = 60°. ~Table A-3 presents the normal
force coefficient results for two arrays spaced at intervals of three chords
and five chords compared to one array by itself for the two angles of attack
(20° and 60°) respectively. From the results, the upwind array normal force
coefficients increase slightly whereas the downwind array force coefficients .
decrease slightly. However, because of the program limitations, the benefit
of the reduced loads from positioning arrays in the wake of another array
cannot be evaluated analytically. One can only speculate on the load reduc-
tion afforded by immersing an array in the wake of another array from the
wind velocity reduction behind fences. Using Raine's result?3 as a basis,

& steady state dynamic pressure reduction factor of as much as 16 and an un-
steady state dynamic pressure increase factor of at most 4 can be obtained
assuming no dynamic response of the structure. This would produce a net
aerodynamic 1oad reduction factor of 2.5 compared to an array not in a wake.
This aerodynamic Toad reduction of 60 percent appears to be a reasonable
factor to expect for arrays positioned in the wake of other arrays.

A.3 Summary of Results

Using the results in Section A.1 and A.2 for one array and the geometric
relationship between the normal force, 1ift, and drag coefficients and angle
of attack, corrected normal force, 1ift and drag coefficients were calculated.
The base pressure corrections as discussed in Section A .2 were applied.
Briefly, for angles of attack between 20° and 160° the base pressures for 180°
- a were replaced by the base pressures calculated at @ and also the base

pressures were modified by the factor .73 that was found to be required in match-
ing wind tunnel test results. Figures A -25 to A-27 summarize the results in
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Table A-3. Multi-Array Flat Plats Aerodynamic Coefficients

Angla of Attack = 60°, array spacing = 5C

Two Aitays
Ones Array
Upwind Downwind

Ground clearance = free air

Windward face Cn 56 57 K]

Basa pressure face CN -1.94 -1.93 -1.72

Total Cn 2.50 2.50 233
Ground clegrance = ,125C

Windward face CN . .67 .66 N

Base pressure face CN -1.87 -1.90 -1.54

Total Cn 254 2.56 2.25
Ground clearance = .5C

Windward facs CN N. < 59 .64

Baez pressure face Cn -1.77 -2.0 -1.73

Total Cn - 2.40 2.59 2.37

Angle of Attack = 20°, array spacing = 3C

Ground clearance = .125C
Windward face Cn .63 .83 .69
Base pressure feco Cn -97 -.99 -.81
Total Cn 1.60 1.82 1.50
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Sections A .1 and A .2. From the summary results shown

in these figures, it can be seen that the arrays should not be po.itioned
at angles of attack where the flow remains attached (10o to 150). At
these small angles, the arrays act as an efficient airfoil. The lowest
aerodynamic loads on the structure occur at angles slightly greater than
10° - 15% where the flow has separated but the aerddynamic force from the
separated flow is at a minimum. This occurs near a = 20°.

At angles greater than 15° to 200, the difference between the force coef-
ficients for ground clearances of .125C to .5C is minimal. The results for
array fields are not presented because with the limitations of the theore-
tical analysis, the results for the windward array for all practical pur-
poses is identical to the single array results. The results for the down-
stream array (not immersed in upstream array wake) are slightly reduced
from the single array and thus using single array results would be slightly
conservative. Experimental results are required for more closely spaced
array fields. The yawed wind condition to the arrays was also not pre-
sented since it produces lower loads than the head-on condition and, as a
result, is not a critical desi¢n condition.
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Figure A -25. Two-Dimensional Piate Theoretical Normal Force Coefficient
in Free Ajr and in Close Ground Proximity
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Figure A -26. Two-Dimensional Plate Theorstical Drag Coefficient
in Free Air and in Close Ground Proximity

Figure A -27. Two-Dimensional Plate Theoretical Lift Coefficient
in Free Air and in Close Ground Proximity
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APPENDIX B
PHOTOVOLTAIC ARRAY WIND TUNNEL TEST PLAN

The specifications for a wind tunnel test of photovoltaic arrays to deter-
mine detailed aerodynamic pressures and loads for various key array para-
meters and load reducing techniques follows:

1. Photovoltaic Array Model Requirements:

1) 10 flat plate models sized to span the tunnel when at 90° to airflow
consisting of:

a) 8 flat plate dummy models sized to 8 ft. and 16 ft. chords;

b) 1 test flat plate model with pressure taps located at the mid-
span location and 15% of chord from the end of the span and 2
test flat plate mc4els with pressure taps located only at the
midspan location. Pressure taps are regquired on both front and
rear surfaces and spaced in the chordwise direction such as to
adequately define the pressure distribution on both surfaces.
The pressure taps at the mid-span station will be used and
assumed to represent the pressures over all of the individual
plates of the array when the flow is 90° to the array. The
pressure taps at 15% of the chord from the span edge will be
used to evaluate the pressure loading near the array edges caused
by flow disturbance from forward plate edges when the plates are
at small yaw angles to the airflow.

2) The array model is required to be raised from the grouna plane to ¢/2
above the ground plane.

3) The array plates are required to be rotated about "y" from 20° to 60°
and 120° to 160° with the test angles being 20°, 30°, 450, 60°, 1200,
1352, 150, and 160°.

4) The array plate spacing needs to be varied from dense to sparse spacing.
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5)

II.

1)

2)

3)

[II.

To study the edge effects, the array is required to rotate approximately
20% into the wind about the z axis and the array edge positioned near
the center of the tunnel to prevent wall affects.

Load Alleviation Mode! Requirements

Fences of 20% and 35% porosity and sized for actual height of 6 ft.,
8.2 ft. and 16.4 ft. high and length that spans the tunnei.

Plate porosity to be located at the boundary of each moduie.

Panels to be attached to the array plates to block the flow from
flowing under the plates. '

Wind Tunnel Test Requirements - Steady State Test

Constant wind profile - design wind velocity = 40 m/s
i) one plate

ground Angles of Attack ( @ ) I
clearance (2z) 20° 30° 45° 60° | 120° 135° 160° 170°i
0 v v v v |
.25¢ v v Ve v v v v v i
S v v v’ v
@® v v v v
ii) multiple plates - measure pressures on plates 1, 2 and 5.
ground clearance is .125¢
separation Angles of Attack (@ )
distance (x) 20° 30° 45° 60° | 120° 135° 150° 160°
1.5¢ v v v X X X
1 . 75C v v v v /** /** v L £ % *x
_ 3.0 ¢ v [ e v X X X X

Repeat for ground clearance = .25¢

**Only do x's if the normal force for these angles are g, 2ater than for
the coirespondine acute angle forces
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B. 1/7 power wind profile - design wind velocity of 40 m/s at 10 m
Plat. chord = 8 ft.

1) one plate

Ground Angles of Attack (a)

Clearance (z) 20° 30° 45° 60°] 120° 135° 160° 170°
0 ft v’ v v’ v’
2 ft o v e v’ v v v o
4 ft v - v v
ii) multiple plates - measure pressures on plates 1, 2 and 5

ground clearance is 2 ft.

Separation Angles of Attack (& )

Distance (x) 20° 30° 45° 60° ) 120° 135° 150° 160°
12 ft v - v X X X
15 ft P _ P P 23 I PR S
24 ft v v v s X v X X

Repeat for ground clearance = 4 ft.

**Only do x's 1f the normal force for these angles are greater than for
the corresponding acute angle forces.

ii:, repeat (ii) for ground clearance of 2 ft. only and with fence 10 ft.

in front of array for:

a) 6 ft. fence of porosity 20% and 35%

b) 8.2 ft. fence of porosity 20% and 35%
iv) repeat (i{) for ground c’earance of 2 ft. only and with fence 20 ft.

in front of array for:

a) 8.2 ft. fence of porosity 35%
v) repeat (iv) with fence 40 ft. in tront of array.

Pressures on the plates need only be recorued for plates 1, 2 and 5.
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1/7 power wind profile - Optional
Plate chord = 16 ft.

i) multiple plates - measure pressu es on plates 1, 2 and 5.
ground clearance ‘s 2 ft.

Separation Angles of Attack (@)

Distance (x} 20° 30° 45° 60°¢{ 120° 135° 150° 160°
24 ft v v v X X X
32 ft v v - v A Wl D ;/H

Repeat for ground clearance = 4 ft.
**See note from B

ii) repeat (i) for ground clearance of 2 ft. and .cith fence ?) ft. in
front of array and porosity prnducing min. loads in (B(iii).

a) 8.2 ft. high fence
b) 16.4 ft. high fence

Edge effects

Repeat B(ii) for g~ound clearance of 2 ft. and with array rotated into
flow for:

a) 10°
b) 20°
c)] 0°

The pressure need oniy to be recorded from the pressure taps located
near the array side edge. The array should be repositioned such that
the wall of the tunnel does not affect the edge pressures.

Other l1oad alleviation devices

a) Repeat B{ii) with flow blocked frcm flowing under the array plates
b) Repeat 8(i1) for ground clearance of 2 ft. only and with pe osity
built into the plates for the following combination of moduie sizes.

y
:_ 4 8
' sl o
z 8' h;;— vl o
16" no {no |
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F. Movie

Smoke visualization should be performed for each test and motion
pictures taken 50 that a movie can be made of the test.

II1. Wird Tunnel Test Requirements - Unsteady Test

A. 1/7 power wind profile

i) multiple plates - measure unsteady pressures on plates for one
condftion of test [II B(ii1) that is multiple plates with a
fence positioned in front of the array.

Note: Besides pressure measurements along the chord, force results
are desired by integrating the pressures over the chord.
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